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OKOPHYSICAL AND GKOCHKMICAL CONSTRAINTS FAVORING THE CAPTURE 
HYPOTHESIS; D.L. TurcoCte, Deparlment of Geological Sciencea, Cornell 
UnlveralCy, Ithaca, NY 14853 

There appeara Co be a near conaenaua that the early f ’’actlonatlon of 
the noon waa the reault of neltlng the outer layer of the moon* This 
melting can he attributed Co the accretlonal heating of moon. We have 
carried out calculatlona of the early thermal evolution of the earth and 
moon (TurcoCte and PflugraCh, 1984) based on the aasumptlon that these 
bodies accreted Independently. The results are consistent with many 
observations. 

Wc have also applied the concept ol geochemical resevolrs Co Che 
moon. The rubidium-strontium Isotope data for mare basalts can be 
explained by an early fractionation of the source region. When the Initial 
Isotope ratios are plotted as a function of time we find very good 
agreement with dc ^/dt ■ -16. The fractionation factor f for the system 
can be obtained from the relation f • (dci/dt) (y where Q - 10** X 
Jsu/^*° where A Is the decay constant, jgo Initial concentration 

of the parent, and ito Is the Initial concentration of the daughter. 

Taking the chondrltic reference value Q ■ 18 we find f ■ -0.9. Thus the 
source region wan almost completely fractionated. The good correlation of 
the data and the reasonable results Indicate that the reference isotope 
ratio llo/i,Q used In defining e and the ratio used for Che 

earth are also valid for the moon. There Is considerable scatter In the 
data for the nemarlum-neodymlum Isotope system. This can be attributed to 
either experimental difficulties or to variable degrees of fractionation In 
the source region. These results are also consistent with Che Independent 
accretion of the earth and noon from chrondrltlr. type material. 

A primary difficulty with the capture hypothesis Is the difficulty of 
dissipating sufficient energy to allow capture Co occur. However, we have 
shown that If the earth and noon were accreting sufficiently close together 
accretlonal capture could occur (Nordman and TurcotCe, 1977). If a primary 
body is increasing In mass the hyperbolic orbit of a secondary body with 
respect to the primary body can be transformed Into an elliptic orbit. 
Calculations of the capture cross section fr accretlonal capture Indicate 
that a significant window for capture exists. 

Nordmann, J.C., and D.L. Turcotte (1977), Proc. Lunar Sci. Conf. 8th, p. 
57-65. 

Turcotte, D.L. and J.C. Pflugrath (1984), Proc. Lunar Sci. Conf. I5th, 
submitted for publication. 
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LUNAR MAGMA OCEAN AND ITS IMPLICATION FOR ORIGIN OF THE 
MOON; Takafumi Matsui and Yutaka Abe, Geophysical Institute, 
Faculty of Science, University of Tokyo. 


It gives one of the most important thermal constraints on 
origin of the moon whether a magma ocean covering the entire sur- 
face of a growing moon can be formed. Aocretional heating is 
probably only one promising heat source for formation of such mag- 
ma ocean (1). However, so far have not been proposed any accre- 
tional models which satisfy the magma-ocean constraint (2) . In 
this pap>er, we will study a plausible accretional model of the 
moon using as a constraint the formation of a magma ocean. 

Recently, we showed that the surface of a planet growing by 
planetesimal impacts was heated over the melting temperature of 
surface materials due to the blanketing effect of an impact-in- 
duced atmosphere (3). Using the same calculations! scheme for 
the earth (3) early thermal history of the moon growing by plane- 
tesimal impacts can be calculated for various accretional models. 
Figure 1 shows thermal evolution of moon accreting by planetesi- 
mal impacts. It is shown that a magma ocean covering the entire 
surface was formed in both models. Most important parameters 
related to surface temperature are safronov number and accretion 
time. Our results show that very small safronov number is need- 
ed for formation of the magma ocean. Safronov number is usually 
larger than 1 for accretion of planetesimals in heliocentric or- 
bit (4). However, safronov number decreases when the moon's 
growth is dominated by the proximity of the earth. According to 
Harris (5), safronov number falls in the range of 0.02-0.1 for 
the binary accretion case. Therefore, we may suggest that the 
moon was formed by accretion of planetesimals in geocentric orbits. 
References 

(1) Mizutani, H. et al . (1972) Moon, 4, 476-489. 

(2) Kaula, W. M. (1979) J. Geophys. Res., 84, 999-1008. 

(3) Matsui, T. and Abe, Y. (1984) Lunar Planet. Sci. XV, 517-518. 

(4) Safronov, V. S. (1972) NASA Tech. Transl. , TTF-677. 

(5) Harris, A. W. (1978) Icarus, 34, 128-145. 
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THE INITIAL THERMAL STATE OF THE MOON; A.B. Binder, 
Senior NRC Fellow, Johnson Space Center, Houston, TX 77058 

The Initial thermal state of the moon may depend on Its mode 
of origin. For example. If the moon formed by accretion In geo- 
centric orbit It appears likely that the moon would have had a 
relatively cool Interior and an Initially molten zone only a few 
hundred km deep. If the moon formed by fission from the proto- 
earth, It must have been totally molten Initially. Results I have 
obtained during the past few years all favor the concept that the 
moon was Initially totally molten, this evidence Includes; 

1) The existence of young (<10 year old) thrust fault scarps In 
the highlands and kbar stress drop, shallow moonquakes both sug- 
gest that the thermoelastic stresses In the outer crust are cur- 
rently In the kbar range. This Is expected If the moon were Ini- 
tially totally molten, but not If the moon had a magma ocean only 
a few hundred km deep. 

2) Model studies, which successfully account for all the major 
characteristics of the mare basalts. Indicate that the concentra- 
tions of the refractory Incompatible elements (Sr, Ba, REE) In 
the magma at the time the crust and mare basalt magma source re- 
gion began to form was 15 to 20 times Cl values. This result can 
be converted Into bulk moon concentrations using the additional 
result that the source region and crust formed as the outer 20X 
of the mass of the moon crystallized. Thus the concentrations of 
these refractory Incompatibles In the bulk moon must be between 
the limits of 3 to 4 X Cl If the moon were Initially totally mol- 
ten and 15 to 20 x Cl If only the outer 200 km of the moon was 
Initially molten. A test of these end-member alternatives Is pro- 
vided by the limited heat flow data which suggest that the bulk U 
and Th (also refratory Incompatibles) contents of the moon are 
also 3 to 4 X Cl values. Since It Is most likely that the enrich- 
ment factor of all the refractory Incompatible elements Is about 
the same, these results together suggest that the moon was Initi- 
al ly total ly mol ten . 
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THE SIZE OF THE LUNAR CORE; C.F. Yoder, Jet Propulsion Uboratory, 
California Institute of Technology, Pasadena, California 91109. 


A 0.2 arc second phase shift in the 18.6 year forced precession of the 
lunar figure has been Inferred from analysis of lunar laser ranging data. The 
source of the phase shift Is either viscous friction at a lunar core-mantle 
boundary or solid friction caused by tidal flexing of the moon by the earth. 
Core-mantle viscous coupling will explain the signature If the core radius R^ 

* 330 km. On the other hand, solid friction can account for the signature 
only If the lunar solid friction Q •* 30 Is abnormally small compared with that 
observed for, say. Mars («100 - 200). Although the Inferred core radius Is 
certainly within the limits imposed by the Apollo seismic experiment (R < 

500 km). It Is significantly smaller than estimates of order AOO-500 
km from electromagnetic sourxllng. How accurate Is the estimate of the Rc 
derived from the phase shift? I shall discuss the effect of uncertainties In 
the frictional coupling mechanism, core density and elllptlclty on the 
Inferred core radius. The excitation of lunar free llbratlons by core 
turbulence vls-a-vls other mechanisms (e.g. cometary or asteroidal impacts) 
and the Influence of changes In lunar precession In the past on lunnr dynamo 
generation will also be examined. 
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ON THE APOLLO SUBSATELLITE EVIDENCE FOR A LUNAR CORE: C. T. Russell. 
Depdrtiiient of Earth and Space Sciences, and Institute of Geophysics and 
Planetary Physics, University of California, Los Angeles, CA 000i?4 

Electromagnetic sounding of the lunar interior is based on the fact that 
electric currents are induced in a conductor in the presence of a changing 
magnetic field in the direction as to oppose any change in the magnetic field 
within the conductor. The length of time for the "new" magnetic field to 
diffuse into the conductor is a function of both the conductivity of the 
material and the dimensions of the conductor. Two independent techniques have 
teen used to infer the electrical conductivity of the interior of the moon. 

The first is the measurement of an incident spectrum of electromagnetic waves 
in the solar wind near the moon and the separate measurement of the incident 
plus reflected spectrum on the surface of the moon. The second is the meas- 
urement of the distortion of the ambient magnetic field of the geomagnetic 
tail lobes by the conducting moon. The first technique is most sensitive at 
high frequencies and short wavelengths where the scattering by the moon is 
strong. The second technique is most sensitive to the deep conductivity of the 
moon where time scales are of the order of many hours or more. The first 
technique fias the limitation that two different sensors are used whose call- 
oration might differ slightly. A one percent difference in gain can strongly 
affect the inferred conductivity profile at depth. The latter technique 
depends on a single sensor but returns little information about lunar effects 
on time scales much less than 90 minutes. 

Apollo subsdtellite measurements reveal a statistically very significant 
signal corresponding to -4.23 x 1022 Gauss-cm3 per Gauss of applied field, 
corresponding to a G-factor of -0.008 ^ 0.001. While these measurements do 
not place any strong constraints on the conductivity of the lunar core as long 
as it has a conductivity of greater than about 10 mho/m. However, they do 
constrain the size of this conducting region to be greater than 400 km in 
radius 
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LUNAR MAGNETIC HISTORY; S. M. CIsoMSkI, and M. Fuller. Department 
of Geological Sciences, University of California, ^nta Barbara, CA 93106 

Intensity normalization results (1) have now been obtained from almost 
all of the lunar samples for which some type of age determlf nation Is avail* 
able. This amounts to about 90 samples. In the absence of Intensity deter- 
minations of the Koenlgsberger-ThelHer-Thelller type, these results are 
likely to remain the most complete data set upon which the history of the 
Intensity of ancient lunar fields must be based In the foreseeable future. 

Magnetic contamination either during or after collection has been Iden- 
tified and minimized by a combination of AF demagnetization, thermal demagne- 
tization over the range of the lunar diurnal cycle, along with Investigation 
of multiple samples from single rocks. The IRMe normalization method then 
reveals that rocks whose radiometric ages lie between 3.6 and 3.9 B.Y. have 
magnetizations Indicative of being magnetized In far stronger magnetic fields 
than those having older or younger radioactive ages. By comparison with both 
terrestrial and lunar samples given thermoremanent magnetization In the 
laboratory, the strength of the ancient lunar field during this short period 
of lunar history appears to have been comparable with the present earth's 
field, I.e. to order of magnitude tenths of an oersted, or tens of A m"* . 

The only exceptions to this pattern of noimall/ed magnetic Intensity and 
age are a few samples vi^ose magnetization Is very soft and appears to be domi- 
nated by a small number of large multidomain particles. These samples charac- 
teristically have non- repeatable AF demagnetization curves In both Intensity 
and direction. Although the number of samples with radiometric ages signifi- 
cantly greater than 3.9 B.Y. Is limited, stratigraphic classification of the 
lunar breccias for the Apollo 17 boulders and meteorltic trace metal content 
correlations suggest that the oldest lunar samples were not magnetized In this 
strong field. There Is a significant absence within the high normalized 
Intensity group of samples exhibiting strong shock features. 

The observation that the Mare basalts older than 3.6 B.Y. carry stronger 
magnetizations than younger mare samples Is In excellent agreement with the 
surface field determinations by the electron reflectance method and with the 
satellite magnetometer data. There Is then some degree of agreement from dif- 
ferent approaches that the moon may Indeed have had a magnetic field com- 
parable In Intensity to the geomagnetic field for a period of about 300 M.Y. 
between 3.9 and 3.6 B.Y. 

The origin of this field remains a mystery. None of the various specula- 
tions are convincing. Suggestions of an early solar system field are not con- 
sistent with the low magnetization of the oldest samples. Models based upon a 
close approach of the moon to the earth have to account for the 300 M.Y. ap- 
proach. Lunar dynamo models must explain why this t|ynamo which must operate 
In so small a core can operate so efficiently. 

We conclude that It Is now hard to escape from the Idea that there was a 
relatively strong ancient lunar field between 3.9 and 3.6 B.Y. Moreover It Is 
curious that the existence of this field coincided with the termination of the 
heavy bombardment of the moon and mare basalt extrusion. 

(1) Cisowski, S. M. , Colllnson, D. W. , Runcorn, S. K., Stephenson, A. and 

Fuller, M. (1983) Proc. Lunar Planet. Set. Conf. 13th , In Journal of 

Geophysical Research , 68, p. A691-A704. 
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MAGNETIC CONSTRAINTS ON EARLY LUNAR EVXimON REVISITED — LIMITS ON 
ACCURACY IMPOSED BY METHODS OP PALBOINTENSITY MEASURErCNTS ; Sublr K. 
Banerjee, University of Minnesota, Dept. Geology and Oeophysios, 

Minneapolis, 55455. Present address: University of California, Dept. 

Geology and Geophysics, Berkeley, CA 94720. 

Lunar internal ongnetio field variation can provide a strong 
constraint for early lunar evolution. However, the magnetic qarriers in 
lunar samples are most unusual, ultrafine grains (100-10,000 A) of iron 
either free or in intimate oontaot with troilite (FeS). Thus it is 
impossible to carry out conventional paleointensity experiments requiring 
repeated heating and cooling to 770°C without chemical, physical or 
microstructural changes. Therefore, alternative, non-thermal methods of 
paleointensity determination have been sought, the two anhysteretio remanent 
magnetization (ARM) methods of Banerjee and Mellema (1) and Stephenson and 
Colllnson (2), and the saturation isothermal remanent magnetization (IRMs) 
method of Cisowski et al. (3)« 

I have investigated the experimental errors inherent in these alternative 
approaches to estimate the accuracy limits on the calculated paleointen- 
sities. In the light of these built-in errors, a review of the up-to-date 
lunar paleointensity data yields the following conclusions: (1) It is most 

likely that lun.u* surface field was between 1,000 and 5,000 nT during its 
total history, (2) There is suggestive Lut not convincing evidence that the 
field was as high as 100,000 nT ac 3>9 b.y. ago, (3) It is unlikely that the 
3.9 b.y. high field epoch was preceded by a weak (< 1,000 nT) field lasting 
between 4.0 and 3*9 b.y. 

It should also be pointed out that recent discussions about the past 
polar wander of lunar spin axis assume a strictly axial dipolar magnetic 
field to have been present at the 4. 0-3.9 b.y. period when it is simulta- 
neously claimed that the lunar magnetic field was at its weakest strength 
ever (< 1,000 nT). This may or may not be a contradiction in terms of dynamo 
field generation. 

References 

vD Banerjee, S.K. and Mellema, J.P. (1974) Earth Planet. Sci. Lett ., 23 . 
p. 177. 

(2) Stephenson, A. and Colllnson, D.W. (1974) Earth Planet. Sci. Lett .. 

22, p. 220. 

(3) Cisowski, S.M. et al. (1975) Proc. Lunar Sol. Conf. 6th, p. 3123. 
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of di't «*i m i n ing pa I no i nt ons i I I os (iho I fio I 1 1 or , AKM (2) and I KM motfiods (<)) tiro 
now in gonoial agi l•^■lllont that tho Iiold was aDout I (I J.O li yr ago doclining 
(’Xiioiioi I i a I I V lo (i 1,2 L< yr ago. I'a laouitiagri(>t ii diroitions of irusla) 
strain liavo lioon il< i t-rmi nod I r om ilio Apollo I*) and If) suhsiitol I itc> magnolonntor 
oliM’i vat loin hy Coli m.in, Kussol 1 and Hood (4). Tin* quost ion wliottior tlioso tiro 
raiidomly d i r o< i fd -.m li as would lio oxpoctod from local magnet i /.at ion procosfcos 
or aio |»ruol of tho oxi stone o ol an oarly ( oro dynamo field is one of the key 
issue's ol lunar sciiiiee*. On the eori' dynamo liypothosis the mi*an magnetic 
Iiold would have' Ineii .i dipole tiloiig Iho axis of rotation: the north m.ignolic 

polo positions so laKulatod from Lfie ohservat i ona I data can bo grouped into 3 
htpol.ir groupings ilon^ } axes dilleri'iit from the pre-sont lunar rotation axis 
(3). I .lip, no ifitil I lu'se* groupings role'r to different times: l’re-Ne>clar ian 

4.2 h yr, l,owoi Neilari.iii s.t) b yr and Ujipr'r Nectar f.in-l.owor Imbrian 3.‘f b yr. 

Ilw' suce t'ss i ve* tooi ii-ntations eil I he* Meion witfi rc'spoct ter its axis ol rotation 
are the result of i m croation of the multi-ring iinp.ict basins. As tfioso 
bisins lio e lose- It) p,i laoooqu.itoi s ol e orrosponding .ige', it ii inferred that 
tho bodU's whiih imp. n tod the Moon wore in orbit about tho Moon ne*ar its 
equator rather th.in asteioids (a). The use ol the Bingham statistical distri- 
bution stiows 111. It Ibis (ft) assoe i.it ion is highly significant. Because each 
group consist;, ol be't woe'ii (> .ind 10 multi ring b.isins it is coneludod that there 
wore 3 l.jrge saiolliles, o.icli ol whi»h broke* up .is they passed through the Kocho 
limit at lO" yo.ir inioivals a>» a eorisoquonee of tidal friction. In fact it is 
shown that the sueiossive' movements ol the p.i l.ioomagiiol ic pole* through are 
required bv Kule'i'.s jirinciplo ol iot.it ion ol solid bodies. Iho dirc'ction ol 
the incoming inipati i ng tiod. e c.in lie ile*l erini ni'd from the asymi'try of the* basins 
.ind the results (Wi llu'lmsf 7)) show directions roughly parallel Lo the palae‘omag- 
ne'ticaily del e*r mi mil e‘quators ol corresponding age. Some ot this evidc*ntc can 
bo interprc'l od .is implying Lli.it the satollilos wore in retrograde orbit but in 
any case Ltioir oxi.'.tenco around the Moon until i.H b yt ago sots a considorablo 
constraint e»n the i volution ol the oarly K.irLh-Moon syste'm. Iho crcMtion ol 
the basins by bodies coming in at .ibout 2 km/se< diiiI in contrast Lo tho former 
view lliat the* bodies w(*ti' asteioids or comc'ts, roqnirc's thi'm Lo lie of subsLan- 
li.il si/e so tli.il .1 strong component ol sol.ir system matoiial should he present 
in the lunii rogoliih. Allhoiigli tlio piosoiico of a lunar coro was lerng ago 
suggoste'd .ind I In i e .ire now v.ii ions d i I I oronl , .i 1 1 hough individually not con- 
clusive ,11 giHiiont , the lit ol the pa I .le'omagnot i i data Lotho dipole hypothesis 
is strong ovidonco lor the ('Xislence ol a molten lunar iron tore and implies a 
powerful hf.it souri i- piesent in the oarlie'sL history ol the Moon. 

(1) Runeorn S K (l'i70) I’l oc . Apo 1 I o II I.un.ir Sc i . roni . p. 23f)H-23ti7 . (2) Steph- 
enson A, Kuncoi n S K , *4 Collinson 1) W ( IH/S) IVoc. Lunar Sc i .Coni .hth . p.3()4H- 
3()h2. ('{) Cisowski S M, Collinson D Runcorn S K, Stepheeson A H Fuller M, 

(19S 5) Froc . I.un.ir I’l. met .Sc i .t.oiil .1 5th . 'n .Joiiriial ol Oeoi i iiysica I Kesoarch . HH . 
A()‘f 1-A704. ( 4) Hood 1 I. (I‘)H0) Proc.Luiu r Flanet.Sc i .Coni. lOth , p. 187‘)-i8‘)6 ^ 
Froc.Lun.ii I’laiiet.'i i .('onl . 1 2B , p.H17-8l() (l‘)Hl), (3) Runcutn S K (l‘)H3) Nature . 
i04 . ')H4-)9(i. (h) Kiinrorn S K (1HM4) I'hi I . Trans.R.Soc . (7) Wilhelms D K. Prof. Pap. 
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CONSTRAINTS ON THE ORIGIN OF THE MOON FROM MOLYBDENUM AND OTHER 
SIDEROPHILE ELEMENTS; H.E. Newsom, Max-Planck-Institut fiir Chemie, 

Saarstrasse 23, 0-6500 Mainz, F. R. Germany, and Institute of Meteoritics, 
University of New Mexico, Albuquerque, ^M 87131, USA (present address). 

New data on the concentration of molybdenum in the mantle of the Earth 
(1) and in lunar rocks confirm that most siderophile elements in lunar crustal 
rocks and lunar basalts derived from the interior have significantly lower 
concentrations than in the Earth's nantle and much lower concentrations 
compared to chondritic meteorites (Fig. 1). Our data confirm the low Mo 
concentrations reported by Taylor et al . (2). The Mo/Nd ratio in lunar samples 
(0.0016) is a factor of 30 lower than the Mo/Nd ratio in terrestrial samples 
(0.043, ref. 1), and a factor of 1,200 lower than in Cl chondrites (1.94). 
Different but correlated depletions of Co and P have been found in different 
lunar samples (3). The Mo data appear to be correlated with the P and Co 
depletions. The variations in siderophile contents seem to be real (3), not 
just due to experimental error, and may be explained by small variations in 
the segregation of metal, possibly on a global scale. 

As discussed by Newsom (4) the siderophile element data are consistent 
with theories for either a terrestrial or an independent origin for the Moon. 
Wanke et al . (3) suggest that the Moon formed from the Earth's mantle 
(depleted in siderophile elements, e.g. ref. 5), and segregation of metal 
within the Moon further lowered the concentrations compared to the Earth's 
mantle. From the terrestrial siderophile element concentrations, the concen- 
trations in the lunar samples can be reached by segregation of only 0.151 
metal at 10% partial melting. For total melting of the silicates as much as 1% 
metal is required to achieve the observed W, P, Mo and Re lunar depletions. 

For an independent origin of the Moon, segregation of a small metal core 
could explain the observed concentrations of siderophile elements in lunar 

rocks (4). Starting with chondritic concentrations and assuming a metal con- 
tent of 5.5% at 9% partial melting of the silicates, the calculated depletions 
match the observed depletions. Metal contents less than 5.5.% can explain the 
depletions of W, Mo and Re if equilibrium occurred at smaller degrees of 
partial melting (6). For a 2% core about 1% partial melting is needed. 

The Mo data support evidence from other siderophile elements that the 
Moon almost certainly contains a metal core or pools of segregated metal. A 
terrestrial origin is indicated if the core is less than 2 wt% because the 

siderophile element depletions could not be 
obtained by such a small core alone. An 
independent origin is likely, but not 
required, if the lunar core is greater than 
2 wt%, because the siderophile element 
depletions could then be explained by purely 
lunar processes. Determining the actual size 
of the lunar core will be a key step in 

answering the riddle of the lunar origin. 

Ref.: (1) Newsom and Palme (1984) 
Earth Planet. Sci. Lett, in press. (2) 
Taylor et al . (1971) Proc. 2nd Lunar Sci. 
Conf., 1083. (3) Wanke et al . (1983) in 

Lunar Planet. Sci. XIV, 818. (4) Newsom 

(1984) EOS 65, 369. (5) Ringwood and Kesson 
^ (1977) The Moon 16, 425. (6) Newsom and 

HErAL/stiicAu MEiT PARTITION coe»-F Drako (1982) Nature 297, 210. 
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NICKEL-C 'HALT SYSTtMATICS AND THEIR BEARING ON LUNAR ORIGIN; 

A.E. Riiiijwood and . Seifert. Research School of Earth Sciences. Australian 
National University, Canberra, A.C.T. 2601 Australia. 

The earliest metal phases to crystallise from the least-fractionated low- 
Ti mare basalts contain about 30% Ni and 2 to 7% of Co. Experimental investig- 
ations of partitioning of Ni and Co between primitive lunar Lasalcic magmas and 
metal phases are currently in progress (1). Preliminary results show that the 
metal phase crystallizing near the liquidus of Green Glass (185 ppm Ni, 70 ppm Co) 
would contain about 40% Ni and 2.3% Co. It seems, therefore, that if a lunar 
core does exist, as suggested by the results of (2), it is relatively rich in 
Ni (30-40%) and Co (2-7%). This composition presents a remar)iable contrast to 
that of the earth's core which is estimated to contain about 6% Ni and 0.3% Co. 

One explanation for the differing densities of earth and moon is that both 
bodies accreted independently in the same neiglibourhood of the solar nebula 
from a common mixture of metal and silicate particles. Enrichment of metallic 
phase in the earth is attributed to a physical fractionation process. Hyjiotheses 
in the category (eg. disintegrative capture, Fe silicate fractionation based on 
magnetic properties or on differential ductility of metal and silicates) fail 
to explain the very different chemical compositions of terrestrial and lunar 
cores and can therefore be rejected. 

Another class of hypotheses maintains that the moon accreted independently 
in the solar nebula and was produced from a mixture of high temperature, inter- 
mediate temperature and low temperature condensates together with condensed 
metal phase. These batches were fractionated by unspecified mechanisms and 
assembled in desireii f)roi^ortlons to form the moon. These hypotheses are subject 
to certain cosmochcmical constraints: (a) metal phases condensing in the 
nebula do not contain more than 13% Ni and 0.7% Co (3). (b) they imply a part- 
icular relationship between the Ni content of the metal and tne MgO/ (MgO+FeO*) 
ratios of coexisting silicates (manifested in chondrites as Prior's Second Law). 
Thus a metal core containing 30-40% Ni implies a lunar mantle with MgO/(MgO+FeO^) 
molar of about 0.5. This is far beyond the limits permitted by the moon's 
physical properties; (c) known cosmochcmical processes are ineffective in 
fractionating cobalt from nickel; hence the bulk lunar Ni/Co ratio is probably 
close to the primordial ratio of 21 . The abundance of cobalt in Low-Ti basalt 
is almost identical to that in terrestrial oceanic tholeiite and it seems 
likely that this similarity extends to their respective source regions. 
Acceptable lunar models consistent with observed Ni-Co metal/silicate distrib- 
ution coefficients and also ix>ssessing a bulk chondritic Ni/Co ratio appear 
to require even higher concentrations of Ni in the lunar mantle (>1500 ppm) and 
in the lunai core (>40% Ni) than are indicated by the Green Glass equilibria. 

These conditions are very difficult, if not impossible to satisfy in terms 
of existing models by which the moon was formed as an independent "planet" in 
the solar nebula. They are readily explained if the moon was formed from 
material {K>ssessiug similar Ni and Co abundances to the earth's mantle and 
subsequently differentiated a very small (<0.5% by mass) Ni-rich core as 
suggested in lependently by Wanke, Ringwood and Newsom. 

(1) Seifert, S., O'Neill, H., and Rincjwood, A., unpublished results. 

(2) Newsom, H., and Palme, H. Earth Planet. Sci. Lett., submitted 1984. 

(3) Grossman, L. , and Olson, .7., Geochim Cosmochem Acta (1974) 38, 173. 
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ABUND\NCHS OF Ni.Cr, Co, AND MA.JOR EI.FMtNTS IN THE SILICATE PORTION 
OF IHE MOON: CONSTRAINTS FROM PRIMARY LUNAR MACMAS. J.W. Delano, Dept, of 
ecological Sciences, State University of New York, Albany, N.Y. 12222 

The lunar volcanic glasses are samples of primary magmas derived by par- 
tial melting of the Moon's mantle. The twenty-seven varieties of glass define 
three linear arrays having nearly constant Mg/Si ratios. The low-Ti magmas in 
each array approach the chondritic Ti/Al ratio. In addition, the Ca/Al ratio 
in these low-Ti magmas trends toward the chondritic value as one proceeds from 
array 1 through array III. Using the chemistries of these primary magmas, as 
well as the assumption that the Moon possesses chondritic Ca/Al/Ti/Mg ratios, 
the silicate composition of the Moon has been estimated (Table). The results 
have the following implications: 

(A) In agreement with (e.g. 1-4), the silicate portion of the Moon is 
enriched in FeO by a factor of ^ 2 compared to the Earth's upper 
mantle at present. 

(B) In agreement with [e.g. 2, 3, 5, 6 ], the Moon is not strongly enriched 
in the refractory lithophile elements relative to either chondrites 
or the Earth's upper mantle. 

(C) The Mg/Si ratio of the Moon lies outside the range exhibited by chon- 
dritic meteorites but is similar to that within the Earth's upper 
mantle. 

(D) According to the Co vs. (FeO ♦ MgO) systematics (2) in lunar volcanic 
glasses, the Co/Mg ratio in the silicate portion of the Moon is iden- 
tical to that in the Earth's upper mantle at present ('■ 8 x less than 
chondritic value). 

(E) The abundance of Ni (as NiO) in the Moon's silicate-portion is 250 
ppm. This is a factor of 8 less than in the Earth's upper mantle at 
present and bOx less than in H-group chondrites. In agreement with 
[7,8), this abundance of Ni requires the presence of a metallic core 
within the Moon. The distinctly non-chondritic Fe/Ni ratio (i.e. 650 
vs. chondritic value of 18) suggests that the Moon's metallic core is 
Ni-rich. This fact, in combination with the high FeO-abundance in the 
lunar silicate (Table), may present fonnidable obstacles for the ^ 
situ depletions of P and K required by the 'binary planet' hypothesis 
[e.g. 9). For a 'modified Earth-fission' hypothesis [2) to be consis- 
tent, the mantles of the Earth and Moon must have segregated FeO-rich 
[101 and Ni-rich cores, respectively, subsequent to the fission event. 

SILICATE PORTION OF niE MOON 

Si 02 41.3 - 42.7 vt.% FeO 16.3 - 16.7 Ni 250 ppm 

TiOa 0.18- 0.19 MnO 0.23 Co 90 ppm 

AI 2 O 3 3.50- 3.65 MgO 33.6 - 35.0 

Cr 203 0.33 - 0.43 CaD 2.80- 2.91 

REFERENCES: [1) Morgan et al. (1978). Moon and Planets , p. 465-478; [2) 
Wanke ^ al . (1977) Proc. Lunar Planet. S^. Conf. 8 th , p. 2191-2213; [3) 
Ringwood. Origin of the Earth an d Moo n, 295 pp. , Springer-Verlag, New York, 
1979; [4] Taylor, Planetary Science: A L unar Perspective , 481 pp. , lunar and 
Planetary Institute, Houston, 1982; [5) Warren and Wasson (1979) Proc. Lunar 
Planet Sci. Conf. 10th, p. 2051-2085; [ 6 ) Binder (1983) LPl Tech. Rep. 83-02, 
p. 17-19; [7l Wanke et al. (1985) Lunar Planet Sci. -XIV , p. 818-819; [ 8 )Newsom 
(1984) l^, p. 369-370; [9) Newsom and Drake (1982) Nature , 297 , p. 210- 
212; [10) McCammon et al . (1983) Proc. Lunar Planet. Sci. Conf. 13th , p. A501- 
A506. 
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A(-UN()AN( .S IN THE UUNAK MANTl.l! ANO IMPUCATION*,. f’OR THE ORIGIN OF THE 
MOON Tinimjf D kM«oi r 1 Horlo* Newsom, [^ptrlmeat of |eolo|) Md UsliUle of Meieoriltcs, UMversily 
of New Meiiro, / hugwerqu' New Meaico 87131 


Regardless ol Ike orif i of Ike moo«, melil se|re|ilio« m«sl ktve oerwred wiUm kke moo* « order to 
iccoiRl for its low sideropMe elemesl ibiMdances reitttve to tke etrlk or rko*dril*s (1) Evidence of vtritbdily 
of sideropkile eiemenls « Ike moo* miy provide «ddilio**l rktes o« Ike origi* of tke moo* Oerm**Mm is i 
strongly sideropkile element wkose bulk dislribiition coefficient edicites tk*t il is not frKlioniled dnrinf ig*eo«s 
processes o« tke moo* Tkns, variibiiity in absolute Ge abundances » mare basalts and pcislin* Ingkland rocks, 
ralker tka* elemental ratiO'., can be used to infer lunar mantle abundances and processes We kave compiled 
kleralure data for Qe abundances m mare basalts and pristine kigkland rocks (Pig 1) For some landing sites, 
samples witk > 17 ppb Qe were considered to be ealreme onlkcrs and are sot mcladed Tke Apollo IS samples 

are enneked m Qe by a factor of 7S over tke Apodo 12, 16, and 17 samples Other sideropkile element 

variations kave been found i* tke moo* For eiample, variations m tke (P/Nd) and (Co/MgO-»PeO) ratios from 

landing site to landing site have been found (7) Based on tke data m Fig 1, our best estimate of tke average 

Qe abundMce mi tke silicate poctio* of tke moon is 3S2 ppb Tke moo* is depleted, relative to ckondritK 
abundances, by a factor of 38,000 normalised to S Two possible eapiMStions for tke observed vKiations mi Qe 
abundance m tke moon are (a) more metal may kave segregated from some regions of tke moo* than from 
others, or (b) Qe bearing material may kave been added later m tke evolution of tke moon Tke Qe concentra- 
tions m Apollo 17, 16, and 17 materials could be produced from tke Qe concentrations m Apollo 15 materials by 

0 09li metal segregation, assuming 0(Qe) of 1783 (3) Palme (4) suggested that tke target material at tke 
Apollo 16 and 17 landing sites had different indigenous Ni and Co abundances, and concluded that tke Apollo 17 
material could be produced by segregation of 0 03X metal from tke Apollo 16 material Tke segregation of this 
metal should cause tke Apollo 17 material to be depleted m Qe by a factor of 3 compared to the Apollo 16 
material However, tke Qe abundances of tke Apollo 16 and 17 samples are roughly tke same Tke material 

added later m tke evolution of tke moon could be inlallmg meteontic material, remelting of cumulate layers, or 

pieces of a cold primordial core which has been displKcd into tke mantle For example, plagioclase grains in 

norite 78735 are enriched hi both Micompatible elements (Ra and Yb) and sideropkile elements (Co and Cr) over 
plagioclase mi anorthosite 15415 (4) Palme et al (5) explain these conflicting data by assuming a mixture of 
a highly evolved KRCCP liquid with a component enriched mi Mg, Cr and sideropkile elements suck as Ni and Co 
Herbert (6) has shown that relaxation of an inverted density distribution in tke mantle, caused by fractional 

crystaNiaation of okvme and pyroxene from tke magma ocean, could dispiKe upward a cold prwnordial core Also 

segregation of metal during core formation would displace suck a core Based on Qe abundances, tke Apollo 15 
material could be produced from tke Apollo 17, lb, and 17 materials by addition of 031% of material of 

terrestrial mantle composition, or 001% of material of Cl composition Since terrestrial mantle and ckondntic 
material kave different sideropkile element signatures, it may be possMe to distmguisk among these alternatives 
for tke material out of wkirh tke moon formed Tke available Qe data confum some of the previously suggested 
element vKiations m lunar samples Tke sideropkile element signature of a prunordial sdicate core could provide 
a* additional clue to tke origin of tke moon 
References (1) Newsom (1984) BOS, Vol 65 No ?? 

(7) Wanhe el al (1984) LP5-XV, 818 (3) Schimtl 
et al (1984) 47th Meteoritiral Society Meetuig, H -9 
(4) Palme (1980) PLPSC llU, 481 (5) Palme et al (1984) ^ 

LPS-XV, 625 (6) Herbert (1980) PLSf lllk, 7015 • 
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U i’ho^phoruh I’rrdictuhly IncompiittMe In l|rneou» ProcKk^ea* C.A. Gowlnch uml b. 
IlNmei 'Inatitutf of M«t<K>ritlcs, Dt-pt. of Gonlofry, Univerbity of Mi‘xl<o. 

Albuquerque, NM HTlOfl, I NASA/Johnson Space Center, Houston, TX 77058 

Siderophile element abundances have been central to recent models for core formation in 
the Earth and Moon and the origin of the Moon (e.g. 1,2,1), It is important to identify 

aidcniphtie eiementa whose behavior in igneous processes is predictabie, so that primary 

mantle abundances can be deduced by subtracting out the effects of igneous pr<x:csses ( 2 ). 
W, Mo, and P appear to be well correlated with La or Nd in t«rrestri 8 l and iunar samples, 
and therefore to have behaved as lithophile incompatibles during igneous processes (1,2,3), 
The model of (4) for core formation in the Moon is consistent with initially chondritic 
abundances of '*> and Mo, but requires subchondritic P, and suggests that P was depicted 
due to volatliilty. Data compiled by (1) suggests that P and La are correlated for lunar 
samples. However, it is possibie that the correlation they observe is partly due to mixing of 
a primitive and a KREEP component, rather than incompatibility. 

Rare occurrences of P-rich silicates suggest that P is not always incompatible. 
Phosphoran olivine (with up to 4% l* 2 ® 5 ^ occurs in pallasites (5,6), where it might hove 
formed by reaction between P-bearing metal and olivine (7), Olivine grains containing up to 
0,7% Have recently been found in fine-grained mm*sized objects in type 3 ordinary 

chondrnes ( 8 ), which suggests that P*bearlng silicates might have been present in early 

solar system materials. Phosphoran olivine and pyroxene occur in silicate inclusions within 
iron -carbon alloy from Disko Island (9), These minerals contain up to 2.7 wt.% 
show P silicate crystal/liquid distribution coefficients (Dp) on the order of 0, 5-1.0. Low 
fO„, rapid cooling, or high bulk PjOj coupled with low*^SiO, content might have led to P 
compatibility in the Disko rocks, anti low fO» might also have Been an important factor in the 
case of pallasites. If low fO. leads to P compatibility, then P-rich silicates might have formed 
during core formation, and hidden reservoirs of P-rich silicates might exist. The apparent 
depletion of P in the Moon observed by (4) could be due to the existence of such hidden 
reservoirs. 

We have begun an experimental study to determine P olivine/liquid distribution 

coefficients. Preliminary experiments were conducted at fO„«FMQ, with the following starting 
composition: SiO, 28.43, TiO, 6.83, A1,0„ 6,62, FeO 33^.53, MnO 0.39, MgO 10.26, CaO 
9.14, Na-O 0.277 K,0 0.02, r* 2®5 isothermal runs (held for 24 and 27 hours nt 

1250 and^ 1206^0 average Dp was slightly high (0,03-0.07). However, in a run held 49 
hours at 1081°C the average' Dp was less than 0.003, which indicates that the equilibrium 
tendency is toward very low Dp, A series of experiments at cooling rates ranging from 20 - 
400°C/hr gave the following results. (1) Dp increases with cooling rote. Dp as high as 0.43 
was observed for crystals formed during quenching from llOO^C to room *^tempernture. ( 2 ) 
Isothermal annealing at temperatures ranging from 1038-1 180°C led to loss of P from olivine. 
P gradients (P 9 O. contents ranging from 0.2-1. 3 wt.% over a distance of 0.1 mm) were 
observed in crystals homogeneous in Fo. (3) The effect of annealing is temperature 

dependent, reflecting the dependence of diffusion rate on temperature. Experiments with 
lower ^2^5 lower fO, are planned. We have also measured ^ 2^5 

late pyroxenes in several Apollo li basalts, which crystallized at fOj^IW or lower. Some 
pyroxenes that grew in interstitial immiscible liquids rich in FeO and^P^O, show high Dp. 

However, FeO-rich outer zones of large pyroxene crystals have very low P 2 O 5 contents. 

This indicates that low fO„ is not sufficient to cause high Dp, The crystals that grew in 
the immiscible liquids might have grown very rapidly in closed systems. 

Our preliminary results indicate that P can be compatible with olivine during reoid 
cooling, but lb not during isothermal crystallization with long growth times, and tends to be 
expelled during annealing. It is therefore not likely that P is compatible under any 

widespread igneous conditions, and the incompatible behavior of P in lunar crustal rocks can 
be safely assumed. In addition, low fO, is insufficient t? cause P compatibility, so it is 
unlikely that P-rich silicates formed durirfg the early evolution of the Earth or Moon. These 
results Indicate that P is depleted in the Moon as suggested by (4). Our conclusions may not 
apply to phosphoran olivine in pallasites or ordinary chondrites, because these minerals 
might not have formed by igneous processes. 

References: (1) Newsom H.E. and Drake M.J. (1983) GCA 47. 93-100. (2) Drake M.J. (1983) 
CCA 47, 1759-1767. (3) Newsom H.E. and Palme H. ( 1984) EPSL, submitted. (4) Newsom 
H.E. (1984) LPS 15, 605-606, (5) Buseck P.R. (1977) GCA 41 . 711-740 ( 6 ) Buseck P.R. and 
Clark J. (1984) Min. Mag,, in press. (7) Kracher A. (1983) LPS 14, 405-406. ( 8 ) S.I. 
Recca, personal communication. (9) Goodrich C.A. (1984) GCA 48, 1115-1126. 
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MECAKkCOLlTH THICKMESS, HEAT FLOW, AND THE BULK COMPOSITION OF THE MOON 
Paul H. Warren^ A Kaare L. Rasmuaaen^ Inatitute of Ceophyaica, ^UCLA, Loa 
Angelea, CA 90024, USA, ^Univ. of Copenhagen, DK-2200, Copenhagen N, Denoark. 

The Moon'a bulk conpoaicion ia a major conatraint on ita origin. Bulk 
denaiCy alone ahowa that the Moon ia depleted in metallic FeNi relative to the 
Earth or to chondritea of comparable MgO/FeO (e.g., H chondritea). Depletiona 
of minor-trace volatile elementa are alao obvioua from geochemical data. The 
aimpleat aaaumption would be that in terma of nonaiderophile, nonvolatile 
elementa the Moon ia not much different from the ailicate portiona of the 
Earth or chondritea. But heat flow data [1] have been interpreted to imply 
that the Moon'a U content ia about 46 ng/g, i.e., about 2x that inferred to be 
in the Earth'a mantle, and 3x that of H chondrite ailicatea. It ia difficult 
to enviaagi a nebular proceaa that would fractionate refractory lithophilea 
like U from major lithophilea like Si. Thua, a diaparity in U/Si impliea a 
diaparity in provenance of parental materiala, i.e., origin. However, 
previcua atudiea have auggeated that (a) the two aitea where lunar heat flow 
waa meaaured are unrepreaentative, becauae their megaregolith layera are 
unuaually thin [2]; and (b) heat flow ia about 1.4x greater than ateady-atate 
modela imply, mainly becauae roughly half of the Moon'a maaa ia convection- 
free (conductively cooled) lithoaphere [3; alao implicit in 2]. 

Our modela further aaaeaa effecta of megaregolith on lunar thermal evolu- 
tion. We confirm that the two meaaured aitea are probably unrepreaentative, 
with heat flows about 25X higher than regional averagea, due to focuaaing of 
heat flow towarda regiona with thin megaregolith. Theae effecta are much 
amaller than originally auggeated [2], because we make more realistic assump- 
tions about lateral differences in megaregolith thickness, and about the 
difference in thermal conductivity of megaregol ith vs. bedrock. Numerous 
lines of evidence indicate that the megaregolith ia generally 2-3 km thick 
under highlands (which cover about 83Z of the total lunar surface), and <1 km 
chick under maria. In most of our models, megaregolith thickness is assumed 
Co be roughly 6x greater over highlands than over maria. In previous models 
[2] this ratio ranged from 10 to 1000. Based on sparse data for porosity 
among lunt.r rock types, and the correlation between thermal conductivity and 
porosity [1], we assume that megaregolith conductivity is roughly 20 kiloerg 
s~^ cm~^ K~^ , and bedrock conductivity is roughly 7x greater. In previous 
models [2] the ratio of these parameters ranged from 10 to 1000. We also fiud 
that insulation by megaregolith exacerbates the problem [4] of reconciling 
modest temperatures inferred for Che (present) mantle with a high rate of heat 
production; an upper limit of 30 ng/g for the bulk-Moon U content can be 
derived from this constraint alone. 

One of the two sites (Ap 15) is probably further unrepresentative because 
it is in an exceptionally U-rich region of the Moon. It is probably not mere 
coincidence chat measured heat flow is 50* greater for Che Ap 15 site Chan for 
the Ap 17 site llj. Correcting Che Ap 17 measurement for the effect l*25X) of 
locally thin megaregolith, our estimate for present global mean heat flow (Q) 
is 11 erg s~^ cm~^, which is only 0.6x as great as previously estimated [1]. 
If present heat production is 0.7x present heat flow [2, 3], a Q of 11 erg s*^ 
cm~^ implies a bulk-Moon U content of 20 ng/g, only 0.43x that previously 
suggested [1]. This estimate is equally consistent with derivation of the Moon 
by depletions of FeNi and volatiles from Che Earth, or from chondritic 
silicates. The Moon's bulk composition is less exotic than generally assumed. 

References: [1] Langseth et al. (1976) PLPSC 7, 3143. [2] Conel & Morton 

(1975) The Moon 14, 263. (3] Schubert et al. (1980) JGR 85, 2531. [4] Keihm & 

Langseth (1977) PLSC 8, 499. 
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TliK DL'IK-MOUN MCO/FEU KATIO: A HIGHLANDS PERSPECTIVE 
PmuI H. Wiirrun, InatiluLe ut CuophyLica, UCLA, Los Angelas, CA 90024, USA 

The main observational constraints on the origin of the Moon involve its 
orbital parameters, its thermal history, and its bulk composition. The first 
two of these ate now known to excellent and fair precision, respectively. The 
bulk composition is still a matter for enlightened speculation, but some 
aspects can be constrained well enough to have genetic significance. The 
ratio MgO/FeO, mote commonly expressed as (■ molar MgO/(MgO'»^FeO)), evolves 
during igneous fractionation in ways that are well understood. The simple fact 
of the Moon's proximity to the Earth suggests similar provenance of parental 
materials. However, bulk density alone shows that the Moon is depleted in 
metallic FeNi relative to the Earth. Depletions of minor-trace volatile 
elements are also obvious from geochemical data. The simplest assumption 
would be that in terms of nonsiderophile, nonvolatile species such as MgO and 
FeO the Moon is compositional ly similar to the silicate portion of the Earth. 
The sji ratio of the Earth's upper mantle is about 0.8%, and clearly >0.86. 
But most estimates of the ratio of the bulk Moon are <0.82, implying that 
the Moon and the Earth come from fundamentally different batches of material. 

Compositional data for nonmare (highlands) samples suggest that the 
Moon's ratio is higher than generally estimated. Geochem ical 1 y 
representative highlands soils have ^ ratios of 0.66 (Apollo 16), 0.69 (Luna 
20) and 0.73 (ALHA81003). These soils are mixtures of unrelated pristine 
nonmare rocks, of which there arc at least three groups: Mg-rich rocks, 
ferroan anorthosites, and KREEP. Other than Mg-rich rocks, virtually all 
pristine rocks have mj^ <0.63. Thus, assuming the mixing process that sampled 
Mg-rich materials was random, the average m& of Mg-rich parent magmas was 
probably at least 0.70. More direct evidence can be derived from the Mg-rich 
rocks themselves. Nine of them (about 1/4 of the total) have bulk-rock 
>0.87. Two (13443 "A" and 67435 "PST") contain F092 olivine. Production 
melts that crystallized F092 olivine implies that the mj^ ratios of source 
regions in lunar mantle were commensurably high. 

Assuming that the parent melts formed by equilibrium ("batch") partial 
melting, this constraint can be quantified as: 

m^(system) ■ ( f ’mg^ ♦( 1-f ) ‘Egjt *A)/( f + (l-f ) *A) 
where the subscripts are 1 ~ liquid and x ■ crystals; f ■ the degree of 
partial melting; and A * For any given value of K (defined as 

[Fe/Mg]^/ iFe/MgJ ^), mr. ]^ and mtij, are interdependent. Literature data indicate 
that K for olivine is in the range 0.26-0.36, and K for low-Ca pyroxene is 
close to 0.30. A is probably never <<2; an extreme lower limit would be 1. 
During partial melting, as f increases beyond a certain threshold, the 
crystalline framework of the rock breaks down, and the buoyant melt tends to 
rapidly separate from the residual crystals. This critical f is probably 
<0.4, and almost certainly <0.3; 0.6 would be an extreme upper limit. 

Plugging these sorts of values into the above equation, it can be shown that 
source regions of melts parental to F092 olivines must have ^ >0.84, and much 
mure realistically >0.86. For example, assume K > 0.3, f - 0.3, and A - 2. 
Then m&y (the olivine Fo content) 0.92 implies mg ^ ■ 0.7 8, and mg(svstem) ■ 
0.873. If K ■ 0.3, f “ 0.5, but A • 1, ^(system) still ■ 0.831; if K - 0.3, A 
■ 2, but f ■ 0.6, mg(svstem) still ■> 0.861. The constraint cannot be eased 
much by invoking a different K, either. 

Assume for the sake of argument that the F092 olivines are flukes. 
Widespread Mg-rich melts evidently had maj >0.70. If during their genesis K ■ 
0.3, f ■ 0.4, and A ■> 2, the system ^ must have been at least 0.839. The 
Moon's bulk composition is less exotic than generally assumed. 


N85 13725 


3ULK COMPOSIliON OF THE MOON IN THE CONTEXT OF MODELS FOR 
CONDENSATION IN THE SOLAR NEBULA; Kenneth A. Goettel, Dept, of Geological 
Sciences, Brown University, Providence, Rhode Island 02912 

The compositions of the terrestrial planets may be governed In part by 
variation with heliocentric distance of the composition of condensates In the 
solar nebula, with due account taken of the effects of mixing and possible 
addition of volatile-rich material. Equilibrium condensation In the nebula 
produces material at two temperatures with a density equal to that of the 
moon: high-temperature, refractory-rich material or low-temperature, 

fully-oxidized material. Either composition is grossly discordant with lunar 
geochemical data, althougn extensive devolatilization of the latter 
composition could perhaps result In an viable composition. Furthermore, to 
account for the composition differences between Earth and moon, nebular 
condensation models for the moon presumably require formation of the moon 
remote from the Earth, with subsequent capture. Capture models for the 
origin of the moon appear Implausible because of dynamic difficulties and 
particularly because of the oxygen isotope systematics that suggest formation 
of the moon was Intimately associated with formation of the Earth. 

Therefore, double-planet (formation In geocentric orbit) or fission models 
for lunar origin appear more plausible. Recent slderophlle trace-element 
data (1) suggest that either of these two models may be viable If segregation 
of a small metal core occured within the moon. The focus of the present 
paper Is not to argue for either of these models, but rather to address an 
Implication that Is common to both. 

The FeO content of the moon, about 13>. Is substantially higher than the 
present FeO content of the Eartl 's mantle, about 8X. If the moon formed by 
fission from tne Earth's mantle, ti en the conclusion that the Earth's mantle 
must have been much richer in FeO at the time of fission appears firm; there 
do not appear to be viable mechanisms to fractionate FeO so markedly during 
fission or to add FeO to the moon after fission ard not add FeO to the Earth 
as well. If the moon formed independently in geocentric orbit, then the FeO 
contents of the two bodies should be similar, because both would be accreting 
from the same source of silicate material and It Is very difficult to 
envision a process that would so markedly fractionate FeO between Earth and 
Moon. Therefore, Earth's mantle at the time of lunar formation probably had 
an FeO content quite similar to the present FeO content of the moon. This 
conclusion. If valid, has profound Implications In two areas: 1) the 

dlf ferentlatlon history of the Earth's mantle and core, and 2) the processes 
responsible for governing the bulk compositions of the terrestrial planets. 
Reduction of the FeO content of the mantle requires growth of the core either 
by addition of FeO or by addition of Fe from disproportionation of FeO. If 
the Earth Initially contained more FeO then Earth should also have higher 
abundances of other volatiles; this conclusion applies whether the FeO was 
produced by reaction of H,0 with Fe In the nebula or produced In the Earth by 
addition of volatile-rich material to metal-bearing material. If Earth had 
more FeO than previously thought, then the composition differences between 
Earth and Mars are less than previously believed. This suggests that 
condensation temperature and heliocentric distance may have been less 
Important in governing planetary compositions and other mechanisms. Including 
iron/sillcate fractionation may have been more important. The Implications 
of this model for the compositions cf the moon and the other terrestrial 
olanets will oe discussed. 

(1) Newson, H.E. (1984), EOS 65, 369-370. 
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PrTROlOGlC CONSTRAINTS ON THE ORIGIN OF THE MOONi EVIDENCE FRON APOLLO 14 . 
J. W. SHERVAIS and L. A. TAYLOR. Dtpartmant oT Gaological Sctancat. Un1v«r»1ty of 
Knoxvnie. TN 37996. 

All tha thacrias for tha origin of tha Moon ultinataly Mutt ba abla to axplain 
tba dlvartlty of lunar rock typat and thair distribution acrott tha lunar turfaca. 
Tha diversity and distribution of these rocks that are fundamental charactarlst Ics 
reflecting thu procoesos Involved In lunar origin. Including accratlonary 
mwchanisms. primordial differentiation, and subsequent malting events. 

Tha Era Mauro breccias at Apollo 14 contain distinctive suites of mare basalts 
and highland crustal rocks that contrast significantly alth equivalent rocks from 
other Apollo sites. These contrasts. ehlch are outlined belov. Imply lateral 
heterogeneity of the lunar crust and mantle on a regional scale. This 

heterogeneity may data back to the earliest stages of lunar accretion and 
differentiation. 

H 1 gh 1 ands Highland crust at the Apollo 14 site is represented by clasts of 
magnesian troctollte and anorthosite (01 >Eo7S| Pig >An92{ « En. 01. Sp). alkali 
anorthosites (Pig <An87j ♦ Pig. Augl. Ilmenite gabbro/norlte (Pig ■ An84j ♦ Aug. 
Pig. 11m) and granite (Qtz. Kspar. Pig. ternary Feldspar). These rocks are 
unusually rich In alkalis and the Incompatable elements. Similar rock>types and 
compositions occur at the nearby Apollo 12 site, but not at the other, more distant 
Apollo locations. Ferroan anorthosite and magnesian norite are both rare In the 
Apollo 14 nighland crust. In contrast to Apollo 16. the archtypical highland site. 
Mare Basali s Ten (10) compos 1 1 1 ona 1 1 y distinct varieties of mare basalt have been 
documented at the Apollo 14 site. Seven of these are 1o«-T1. hIgh-AI mare basalts; 
others Include lovAl basalts similar to those from Apollo 12. and hIgh-AI. very 
low-TI (VLT) glass spheres. HIgh-TI basalts are not found. Tha lovTI basalts are 
all enriched In alkalis relative to other 1o«~T1 basalts and have compatible trace 
element (Co. KM. Sc. V. Cr) abundances Intermediate to normal 1o«-T1 basalts and 
hIgh-TI basalts. Incompatible elements vary aldely. a.g.. La varies from 8x to 
lOOx chondrite. These and other trace element abundances and ratios (e.g.. La/Lu. 
Lu/Hf. Tl/Sm. Sc/Sm) span the range observed between VLT. low-TI. and hIgh-TI mare 
basalts from other Apollo and Luna sites. These data suggest an Interf Inger lug of 
low-TI and hIgh-TI basalt source regions, or alternatively. that these distinct 
source regions never developed In the lunar mantle beneath Apollo 14. They also 
suggest, like the crustal data, that the mantle under this part of the moon Is 
enr Iched In a Ik a 1 1 s . 

D 1 scuss Ion Current theories requiring a moon-wide crust of Ferroan Anorthosite are 
bated largely on samples from Apollo 16. whore all but a few samples represent the 
FAN Suite. However, at the nearside sites. FAN is either scarce (A-15) or 
virtually absent (A-12. A-14. A-17). These sites are dominated by troctolltes and 
norites of the Mg-sulte and. to lesser extent, alkali .'northosites (A-12. 14 only). 
Two possibilities exist: 1) a thick crust of FAN never formed on the western lunar 
nearside. Instead, a thin protocrust may have been succeeded directly by later 
Intrusive suites; or 2) large b as 1 n - f o rm 1 ng Impacts such as Procellarum could have 
removed much of whatever FAN crust did exist. 

The younger Intrusive suites demand a variety of origins. Including "he 
assimilation of KREEP and the diapiric rise and remelting of early. Mg-rich 
Cumulates. However, none of the processes discussed above accounts for the 
LlL-enrlched nature of the western lunar nearside. This enrichment Is evidenced 
by: 1) orbital gamma-ray data showing high K. U. and Th In this region; 2) the 

common occurrence of enriched rock types such as alkali anorthosite and granite at 
Apollo 12 and 14; 3) the 'enriched' character of "witt.ii'' rocks noted by 

Warren et al. (1983); 4) the abundance of KREEP in soils and breccias; and 5) the 

'enriched' character of Apollo 14 aluminous mare basalts. Wasson and Warren (1980) 
have addressed asymetrlcal fractionation In the magma ocean as a possible 
exp 1 an at 1 on . 

We suggest another possibility: the accretion of a large mass of material 

(e.g.. 0.1-0. 2 moon masses) late In the c rysta 1 1 1 zat Ion history of the magma ocean. 
Besides adding fresh, primordial material, this would remelt a large pocket of 
crust and mantle, thereby allowing a second distillation to occur In the resulting 
"magma sea". This late accretion of large bodies of primary composition would have 
contributed significantly to large-scale heterogeneity In the lunar crust and 
mantle. As emphasized by Palme et al. (1964). the chemistry of the highlands 

crust virtually requires a large meteorite component. Therefore. It would appea. 
that meteorites may Aave played a much bigger part In crustal evolution than simply 
metamorphosing the rocks and creating the lunar landscape. The large variety of 
rocks with no apparent common parentage demands an unusual set of circumstances 
I.e.. different processes, not Just variations on a theme. 
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ORIGIN OF IHE MOON: CONSTRAINTS FROM VOLATILE ELEMENTS*. Melanie 
E. KreuCzberger**, Michael J. Drake, John H. Jones, Lunar and Planetary Labor- 
atory, University of Arizona, Tucson, AZ 83721. **Present address: Universi- 
ty of Michigan. 

Fission of the Moon from the Earth fwllowlng core formation Is a hypo- 
thesis for the origin of the Moon (Rlngwood, 1979). Supporting arguments 
include the low density of the Moon corresponding to the density of the 
Earth's mantle and the low volatile content of the lunar rocks vs. those of 
terrestrial origin. Vapor pressures of the alkali elements and their oxides 
Increase In the following order: Na, K, Rb and Cs. The Moon should, there- 
fore, be more depleted In Cs relative to Rb, Rb relative to K, and K relative 
to Na than the Earth If the fission model Is correct. Analyses of lunar mare 
basalts and terrestrial mid-ocean ridge and other young basalts Indicate that 
this behavior Is not observed; for example, the Moon shows a higher Cs/Rb 
ratio than the Earth — l.e.. It lies between chondrites and the Earth. 

It Is possible that monovalent alkali elements might be lost from sili- 
cate materials In a dlfferei.t order than that Inferred from elemental and 
oxide vapor pressures, as a result of differences In the way they are bound In 
silicate materials. To test this hypothesis we conducted a series of experi- 
ments to Investigate alkali loss at high temperatures. A synthetic basalt of 
composition 17f75An2e containing approximately one wt.Z each of Na, K, Rb, and 
Cs was prepared. The mixture was ground under acetone, fused twice at 1400^C, 
and quenched to form a homogeneous glass. The glass was used as our starting 
material. Experiments were conducted using the wire loop technique at 1 
atmosphere and 1400°C and 1050°C in air, allowing volatile loss as a function 
of time to be determined. The resulting glass beads were then analyzed using 
the scanning electron microprobe. 

Analyses indicate that the behavior of volatiles dissolved In a silicate 
melt Is similar to that Inferred from elemental and oxide vapor pressures. At 
1400°C (superllquldus), Cs Is most readily volatilized, followed by Rb, K, and 
Na (see figure). The mass of the glass beads Is not a major factor In the 
rate of volatile loss. At 1050°C, no significant loss of volatiles was de- 
tected after 1 week. 

These results are consistent with previous experiments by Gibson and 
Hubbard (1972) on 12022. We conclude that alkali element ratios in the Earth 
and Moon are not readily Interpreted In terms of the Fission hypothesis. 


*Research conducted In con- 
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VOLATILE EL1J*ENTS IN AND ON LUNAR VOLCANIC GLASSES: 
7HAT DO THEY TELL US ABOUT LUNAR G^•2^SSIS ? G. Koeberl, 
Institute for Analy*-icnl Chemistry, University of Vienna, P.O. 
Box 73 , A-10"<^ Vienne, Austria. 


Lunar volcanic f^lasses exist in many different varieties (1 ,2) 
(at the moment about have been identified), and there are good 

reasons to believe that they have originated from a deep lunar 
interior source, giving the opportunity to probe the composition 
of these regions. One of the moat important observations, namely 
the px'esence of surface correlated elements (e.g, 5-7), has caused 
some interest because of the implications on the chemistry of the 
deep lunar Interior. Most of these elements (like F.Na,S,Cl,Cu,Zn, 
Ga,Ge.Br,Cd,In,Sb,I,Tl,Pb) are clearly volatile. Since the lunar 
interior has been thought to be depleted in volatile elements 
when r^"ipnj.ed to the earth (fl), the detection of a possible sour- 
ce of volatiles is of importance. Models of the origin of the 
moon have been developed , based on the assumption that the moon is 
depleted in volatiles, Althoutjh this seeis to pose some problems 
to the fission theory (deriving t^ie moon from the earth's mantle), 
a fission model involving devolatilization has been discussed (9). 
Recently the surface correlated elements have been interpreted 
to indicate that the moon has some reservoirs that are enriched 
in volatiles, and that the deep lunar interior is not depleted in 
volatile elements, Delano and Livi (1) suggest three different 
scenarios for the origin of these elements: early differentiates 
from a magma ocean, a deep uniiff erentiated source (heterogenous 
accretion of tlie moor.?), or cosmic xenoliths with random distri- 
bution in the lunar interior. Of course, a lunar interior which 
is not depleted in volatiles has important imj.licatlons on the 
origin of the moon.'lo it woul i be of interest to know something 
about the amount of volatiles present in the lunar interior. 

Since most of these elements are abundant only in the form of 
very thin surface layers on the glasses, and since the glasses 
themselves do not show a similar enrichm^^nt , the source should be 
of rather limited extent. Also the driving mechanism of lunar 
volcanoes must have been quite different from the terrestrial 
mechanism, making the lunar eruptions rather bubbling' than rea- 
lly 'explosive fountaining' . This is implied also by the absence 
of large bubbles including volatiles (and the driving gas, like 
on earth). The total absence of water or the moon (in ell samples, 
including volcanic glasses) precludes the presence of water also 
very probably in the lunar interior. However, water is a very 
vigorous driving gas for volcanoes on earth. None of the other vo- 
latile compounds which may have formed (10), is equally capable of 
launching melts with great energies, The rather limited amounts 
of these compounds (halides etc.) have condensed fast on the 
quenched glasses. From the condensation behaviour of the volatile 
compounds (10), which leads to heterogenous condensation, we may 
conclude that comparing element ratios of surface correlated ele- 
ments gives little sense. Thus it seems as if the "volatile reser- 
voirs" are of rather limited extent, eind that they do not enlarge 
the volatile content of the bulk moon significantly. 


"*t*I*."‘*b “ Delfio ,nd K, U*i. GCA 4S (1901) ?I37-?M9. (?) J.H Dfl.no, IPS «V (I98«) ?16-?I7. (3) C. Helken 0 S Nek*. 

,nd i.U. Bro«n, GCA W (1974) I703.IUB. (4) C~. Heyer, O.S. Mtk.y, O.H, Andtr,on, .nd P. (utl*r, PlSC 6 (197S) 1673.1699 (5) t M ' 
Cirlln «nd I.H. Houslty, PLPSC 10 (1979) 341.364 (6) S. Jov4novlC <rtd G W. Re»d. PlSC 5 (1974) 168S-1701. (7) R M. Goldberg O S 
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THE I-PU>XE A'}E OF THE MOON. T.D. Swindle. M.W. Ceffce and C.M. Hohen- 
bcr|. McDonnell Centet for Space Sciences, Vaahington D. . St. Lonis. NO 63130. 

Rb-Sr analytes of toae Inner saaplet indicate that the Noon is close to the 
age of priaitive aeteorites (1], but are only reliable to within abont 100 
a.y. A potentially aore precise chronoaeter is the I-Pn-Xe systea. ^**1 has 
t 17 a.y. halflife and decays to ***Xe: ***Pn. with an 82 a.y. halfllfe, pro- 
duces **»Xe-***Xe in fission. The ***I/***Pn ratio hat a halflife of 21 a.y. 

Hu eiperiaental obatrYat ions ; Gat-rich Innar highland breccias contain te- 
non that is tnr face-correlsted and hat an isotopic coaposition aatching that 
of ***Pn fission, with variable contr ibnt ions froa ***I [2, 3]. The exact 
aethod of incorporation of this tnrflcial coaponent it not known, but the gss 
probably coaet froa degassing of the bulk Moon (rsther than toae saaller 
reservoir), since the pretence of this coaponent it a global lunar phenoaenon 

[2] . The ^**Xe/*'*Xe ratio of the gut incorporated into a given saaple seeat 
to be tiae-ordered. This is proportional to the relative rates of decay of 

and ***Pn if production, release and re- incorporat ion are closely coupled 
(31. Froa this, we can calculate the ^**I/***Pu ratio at the tiae of incor- 
poration, which, in principle, allows us to calculate the tiae of incorpora- 
tion onto the host tnifacet. The rstios ***I/***I and **4Pu/***U at the tiae 
of foraation of priaitive aeteorites are fairly well known [4]. The I/U ratio 
of the Noon, however, is poorly constrained, since iodine is difficult to 
aeasure, asking this the aost uncertsin part of the procedure. S. R. Taylor 
estiaates the present-day I/U of the Moon to be .01 or less (personal coaanni- 
cation). Using this value, we get a xenon incorporation tiae of abont 43 a.y. 
after xenon closure in the aost priaitive aeteorites. If we assuae an uncer- 
tainty of a factor of two in the lunar I/U ratio, the corresponding uncertain- 
ty in the age of the host grsin surfaces is about 20 m.y. 

The ianl icat ions : Various authors have calculated the xenon retention tiae 
for the Earth to be 30-100 a.y. (after priaitive aeteorites) on the basis of 
the isotopic coaposition of the Earth's ataosphere [3] or of certain aantle 
saaples [6]. The foraation tiae we have coapnted for the Moon is near the 
older edge of this range. These calculstions sre consistent with xenon reten- 
tion for the Noon beginning anywhere froa several tlaes 10* years before it 
began on Earth to about 10* years after. 

How do these conclusions constrain aodels for the Moon's origin? The aodel 
that has the aost rigorous chronological constraints is the earth-fission 
aodel (and its variants). Xenon retention for the Earth could have begun as 
late as the event that gave birth to the Moon. For the Moon, it is hard to 
iaagine that xenon retention could have begun before re-accretion of the fis- 
sioned (and initially dispersed?) aaterial, particularly if that aaterial got 
hot enough to account for the depletion of the volatile eleaents [7]. Thus, 
if fission aodels are correct, xenon retention in the Earth certainly began no 
later than in the Moon, and possibly began earlier. Therefore, the I-Pn-Xe 
systea is only aarginally consistent with a fission origin. If further study 
confirms that the I/U ratio of the Moon is .01 or less, or if gas-rich lunar 
highland breccias with higher ratios of ***I to ***Pu are found, it would be 
difficult to explain the results in an earth-fission model of lunar origin. 

References : [1] Albee et al. (1974) LSC Y, 3; Papanastasslon and Wasserburg 
(1976) Pi. L5C Hi, 2033. [2] Bernatowicz et al. (1978) Pi. LPSC 9th . 1371. 

[3] Swindle et al. (1984) Pi. LPSC 13th . subaitted. [4] Hohenberg and Kennedy 
(1981) Q££ 4£, 231: Hudson et al . (1982) LPSC XIII . 346. [3] Pepin and Phinney 
(1976) LSC YH, 682: Wetherill (1973) As . Rfiv . Nai . Sfil . H. 283. [61 Staudacher 
and Allegre (1982) EPSL 60 . 389. [7] Ringwood and Kesson (1977) Moon 16 . 423. 
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TESTS OF THE LUNAR FISSION HYPOTHESIS; S.R. Taylor, R.S.E.S. 
Australian National University, Canberra. 


Tht pro(r«s* of tcl«nc« ivpand* on tna conatrucUon of catcabla nypotntaaa. FoUowini tna Apollo 
5Mipla ratiirn, tna soncapt tnat tha noon aaa flsaionad fron tna tartn aftar oora saparatton naa pacona 
tna noat raadily taataola nypotnaaia of lunar ori|in, alnsa dtraot conpartaona of lunar and 
tarraatrlal oonpoalttona can sa lada, Tna followins dlffarancaa. In ordar of dacraaatnt cartalnty, 
nava baan astabllanadi 

i») Tha noon la aaplatad in volatile alananta ralatlva to tna Eartn, which In turn la daplatad ralatlva 
to prlnltlva aolar naoula abundancaa. Saplation factora ranca fron 2-a for Rb/Sr and K/U to 
ovar 50 for tha noat volatile aleaants (a.g. Bl.TDCi]. 

(9) Tha FaO oontant[2l of tna bulk noon (131) la nlgnar than tnat of tha tarraatrlal nantla (61) 
naklng tna bulk lunar Sg/Mg»Fa atonic ratio • 0.31. unan >21 Fa la ranovad by a lunar oora the 
Mg/M|»Fa valua of tha lunar nantla (0.8a) la atlll lowar than that of tha tarraatrlal prlnltlva 
nantla plua cruat valua of 0.69. 

(o) Tha aillcata portion of tna noon la daplatad In aldaropnila alananta ralatlva both to tha Earth 
and to aolar nabula abundancaa[3]. Tha praaanca of a anall oora (<21 of lunar voluna) acoounta 
for eona of thia daplatlon If tha noon waa fully noltan following accretion. Ranoval of N1 and Co 
by ollvina and orthopyroxana cryatalllaatlon In tha daap intarlor can also Caplata tha aourca 
ragion of tna aara baaalta in tnasa alananta. 

(d) Two obaarvattona indlcata that tha noon la anrlcnad In rafractory alananta ralatlva to tha Eartn 
and solar nabula abundancaa. Haat flow valuaa Indlcata U abundancaa of at laaat 33 ppbCk]. Tha 
A1 contant of tna 30-100 vn thick highland cruat togathar with tha additional budgat for tna nare 
basalt aourca regions raculrea bulk lunar Al,0, contents of about 3t conalstant with tna cosrlc 
Al/U ratio for tnosa rafractory elanantsCb]. Thaaa conposltlonal dlffarancaa era collaotlvaly 
aufflciant to rula out sinpla varalons >f tna fission nypothasla. Mors complex versions auat 
incorporate tna following procassast 

(1) Sapletlon of volatile alananta. This process is linltad by tna abaanca of suen affects fron 
tna volatile REE alananta, Eu and Tb. Tha alkalies are daplatad lass than tha vary volatile 
elenants, altnougn volatility affects should produce constant daplatlon factorsCU. 

(11) Fission Tust occur wnan tna hg/Mg*Fa ratio of the terrestrial nantla is 0.80, 10( lowar than 
the prasant valja[3]. 

(ill) Enrlohmant or salaotlva condensation of rafractory elenenta. 

These problems Introduce so nany ad hoc adjustments to tna fission hypotnasis tnat it saconas 
untastabla. 

Furtnar constraints may be obtained fron attempting to late the vol at 1 la-refractory alanent 
fractionation. Mateorltas record netal-sulf Ida-slllcate and volatile-refractory element fractionation 
ilosa to V.56 Ae. Hacnanlsaa for large scale separations, required on a planetary scale, of volatile 
elements occur via strong aolar winds In tha T Taurl pnasa during the vary early stages of solar 
-aoula evolution, within about <0* years of tna arrival of tna sun on the main saquanceCT]. Mataorlta 
«vi lance records early loss of gasCi] so that a population of fractionated planatesimals la left in 
tra inner solar system. 3waep-up of these Into planetary oodles takas of tna order of '0* yaars[9]. 

Two methods for latir.g the lunar volatile daplatlon may be larlvad fron tna volatlla-ref rectory 
pairs Rb-Sr and I-Pu. Lunar initial ratios are cloaa to or lowar than 3AEI, inplylng vary early 
separation of Rb fron 3rC'C,l']. If tna terrestrial initial 3r ratio Is also close to 3ABI, tnan 
fission must occur sioaa to u.*6 Aa rstnar tnan ’0* years later (terrestrial Fb/3r -ario • 0.03'). 
The moon has eoqulred excess Xe from 1i a.y. '*’! and 82 m.y. ***PuCl2]. If tha moon fissioned from 
tna Earth following icoretion over 10* yaers, than tna volatilization required to remove K, Rb, ?b, 
31, Tl, M,C, etc., will remove Xe, and so Xa larivad fron I or Pu should be rare In the moon. If tna 
noon accreted from a separate group of fraotlonatad planeteslnals, which underwent natal and volatile 
element fractionation at To. than '**1 and •”Pu can be present in tna precursor planatesimals. The 
conination of chanical and isotopic problems suggests tnat tna fission hypotnasis la no longer viable, 
and separate terrestrial and lunar accretion from a population of fractionated precursor planeteslnals 
provides a more raasonabla explanation. 
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CONSTRAINTS ON LUNAR ORIGIN: EVIDENCE PRESERVED IN PRECAMBRIAN 

STROMATOLITES: J.P. Vanyo, Department of Mechanical and Environmental 

Engineering, University of California, Santa Barbara, CA 93106 

In that growth rate and structure of many living organisms are directly 
Influenced by solar radiation and often by conditions In an aquatic environ- 
ment, these organisms should be expected to respond to various earth-moon- 
sun relationships. The blo-geologlcal period of major Interest for theories 
of lunar origin Is prior to the beginning of the Cambrian some 0.57 bllllun 
years ago, but In the Precambrlan, life forms were restricted to subaqueous 
unicellular algae and bacteria. Fossils of such organisms are abundant In 
the geological record. Their existence Is also evidenced by abundant fos- 
silized structures (stromatolites) consisting of many thin layers of usually 
darker al gae-bacterlal growth alternating with layers of usually lighter 
sediment-precipitate. The earliest of these have been dated to 3.5 billion 
years ago, spanning most of the earth's history and predating many postulated 
lunar origin times. Although stromatolites are forming In isolated locations 
today, their preservation dropped off sharply with the advent of burrowing 
and grazing worms In the Cambrian. In shape the laminated structures vary 
from nominally horizontal mats, extending over many square kilometers, to 
large and small bumps, and to a variety of columnar shapes. 

A form identified as Anabarla juvensls and characterized by packed 
1 to 2 cm. dla. columns many centimeters tall ,«tth convex upward laminae 
(dark plus light layer) about 0.2 irnn thick were analyzed by Vanyo and Awramik 
A sinusoidal columnar growth pattern was Interpreted to be a response of 
stromatolite forming microbes to the changing inclination of the sun over the 
seasons, with microbe growth rate 
positively related to solar intensity. 

A best estimate of laminae per 
sinusoidal wavelength agrees with 
an estimate of days per year (435) at 
the same age (0.85 billion y,irs) by 
Munk, based on theoretical extrapo- 
lations from present data. Maximum 
tilt of the average column after cor- 
rection for index of refraction yields 
an obliquity of the ecliptic of 26.5®. 

Both estimates are based on one small 
sample and require further refinement, 
plane be aligned with the paleo north-south direction and for growth at a 
near equatorial location have been confirmed with paleomagnetlc analyses. 

Vanyo and Awramik using additional specimens and with NSF support are 
developing a systematic methodology for extracting data evidencing earth- 
moon-sun dynamics at time cf stromatolite formation. In particular stro- 
matolites span the time from 1 to 2 billion years age, critical for several 
theories of lunar formation and/or an earth-moon near encounter. Such cata- 
clysmic events would most certainly influence stromatolite formation. 

1. Vanyo J.P. and Awramik S.M. (1982) Geophys. Res. Lett. 9:1125-1128 
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CONSTRAINTS ON THE ORIGIN OF VISCOELASTIC BODIES: W. E. VanArsdale, 
Deparlmt'iU of Meihanlcal EnKlnceririK, University of Hnuston-University Park, 
Houston, TX 77004 

A possible explanation for the time scale of lunar orbital evolution has 
eluded invest iKators until recently. Lambeck (1980, p. 288) asserts that 
"...only a variable enerRy sink can solve the time-scale problem and the only 
energy sink that can vary significantly with time Is the ocean." He suggests 
that the oceans are a significant energy sink accounting for more than 85Z of 
all dissipation (Lambeck, 1975). While the oceans undoubtly contribute to 
energy dissipation, it seems Implausible that such a small amount (0.02Z) of 
the Earth's mass could play such a dominant role in this process. An alter- 
nate hypothesis assumes that most of the dissipation is associated with solid- 
body tides. This mechanism is also capable of varying significantly over time 
for viscoelastic bodies. 

In this analysis of orbital evolution, the bodies are modeled as incom- 
pressible, Kelvin-Voight solids. While this material is simplistic, it does 
provide an analytical characterization of solid-body dissipation and the re- 
sulting tidal moment. This moment is calculated assuming an elliptic orbit 
and then used in approximate equations of motion. A solution to these equa- 
tions is obtained for slowly varying orbital parameters. These results sug- 
gest that the orbital parameters are currently changing at a comparitively 
large rate. This rate was smaller in the past if the Earth's viscosity n 
changed significantly with time (VanArsdale, 1984). 

The orbital history of a two body system is traced back in time to devel- 
op constraints on the satellite's origin. These .. alculat ions were performed 
using parameters for the Earth-Moon system and neglecting the tidal moment 
exerted by the Earth on the Moon. This analysis predicts a decrease in the 
lunar orbit to a minimum separation distance of ten Earth radii in a period of 
time controlled by n. The Earth's obliquity drops to n/2 during this close 
approach. These constraints suggest the Moon appeared in a significantly in- 
clined orbit at a distance greater than ten Earth radii. This distance is 
outside of the Roche limit and would appear to alleviate some difficulties 
associated with capture hypotheses discussed by Kaula and Harris (1975). How- 
ever, the small eccentricity at close approach is not favored by this hypothe- 
sis. As suggested by Coldreich (1966), this constraint suggests an origin by 
accret ion. 

Coldreich, P. (1966) Re v. Ceophys . 4, 411-439. 

Kaula, W. M. and Harris, A. W. (1975) Rev. Ceophys. Space Phys. , 13 , 363-371. 
Lambeck, K. (1975) ^80 (20), 2917-2925. 

Lambeck, K. (1980) The Earth's Variable Rotation: Geophysical Causes and Con- 
sequences , Cambridge University Press, New York. 

VanArsdale, W. E. (1984) "Orbital Dynamics of a Viscoelastic Body" (submitted 
to JGR ) . 
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'IIPAL mSSIF’ATION IN THE EAf-TH AND MOON FP.OM LUNAR LASER. 
RANGING; I- . Yod<“t . J. G. Williams, J. 0. Dickey, X X Newhall, 
let Fropuision Lab-'ratory, California Institute ot Technoloay, 
Pasadena, CA dll09 

The evolution of the moon's orbit is mainly governed by tidal 
dissipation xn the earth while the evolution of its spin Is 
controlled by its own internal dissipation. The analysis of 
lunar lasei ranaing data from August 1909 through May 1982 yields 
•■he present values of both ot these parameters. The lunar secu- 
lar acceleratlQn is determined to be h ■ -25.3 ± 1.2 arc- 
.jeconds / century^ , which is equivalent to a secular chanae in the 
mean distance of +3.7 +0.2 cm/yr. If the moon has orbited the 
earth since its formation, this must be an anomalously high value 
presumably due to changes in dissipation in the oceans due to 
continental drift. The rotational dissipation of the moon is 
measured by k^T » v.0047 + 0.002 days. With a lunar k-, » 0.032 
^ 0 . 007 . thi.s“ dissipation would imply C| = 30, but we prefer the 
explanation that the dissipation occurs at the interface between 
the mantle and a liquid core or shell. 
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TWO LUNAR GLOBAL ASYMMETRIES; J. B. Hartung, Solar System 
Associates, 9108 Potomac Ridge Road, Great Falls, Virginia 22066 

The Moon's center of mass is displaced from its center of figure about 
2 km in a roughly earthward direction! I ) . Most maria are on the side of the 
Moon which faces the Earth(2). 

It has been argued that because the center of mass is so displaced and the 
crust of the Moon has a lower density than underlying material, the lunar crust 
must be thinner on the Moon's earth-facing side(l). The observed distribution 
of lunar maria is said to support this conclusion because it may be expected 
that mare basalt magma would reach the surface through a thinner crust more 
easily. A problem for this model is to explain how the lunar crust thickness 
asymmetry developed in the first, place. 

We suggest an alternative view and assume the Moon was initially 
spherically symmetric, or nearly so. The emplacement of mare basalts represents 
a transfer of mass which produces most of the observed center-of-mass displace- 
ment toward the Earth. As a worst case, if all of the center-of-mass displace- 
ment is due to basalt emplacement, then a mass equal to all of the mare basaUs 
on the Moon(3) would have had to have been transferred a distance equal to the 
diameter of the Moon. Such a requirement might be satisfied, given the 
uncertainties involved, if mare basalt magmas were in "communication" over 
distances of thousands of km. The remaining question in this case is what 
causes the asymmetric distribution of lunar maria. 

Because the Moon is in a spin-orbit-coupled relationship with the Earth, 
the effect of the Earth's gravity on the Moon is asymmetr ic{4) . The earth- 
facing side of the Moon is a gravitationally favored location for the extrusion 
of mare basalt magma in the same way that the topographically lower floor of a 
large impact basin is a gavitational I 3 favored location. This asymmetric effect 
increases inversely with the fourth power of the Earth-Moon distance. If the 
Moon were one-tenth its present distance from the Earth, the front-back asym- 
metric effect of the Earth's gravity would be equivalent to an elevation 
difference on the Moon of about 3 km(4). 

A scenario for history of the Earth-Moon system consistent with the above 
discussion includes: formation of the Moon by accretion processes in a helio- 

centric orbit near that of the Earth; a gravitational encounter with the Earth 
about 4 billion years ago resulting in capture of the Moon into a geocentric 
orbit and heating of the Moon through dissipation of energy related to tides 
raised during close approaches to the Eartli(5) to produce mare basalt magma; 
and evolution of the Moon's orbit to its present position, slowly at first to 
accomodate more than 500 million years during which magmas were extruded. 
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niK MOON’S ORBIT HISTORY AND INKKRKNCES ON ITS ORUIIN. 

B.A.Cutiway, DepL. u( Aeronautic al and Aat runaulical Ktiginec^rlng, Unlveisity of 
Illinois, Urbana, II (ilHOI. 

A I requenty-dependent model of tidal friction Is used in the determination 
of the evolution of the I^rth-Moon system. The anal/sis considers the lunar 
orbit eccentricity and inclination, the solar tide or. the I^rth, Barth oblate- 
ness, and higher -order terms in the tidal potential. A solution of the 
equations governing the precession of the lUirth'j rotational angular moirentum 
and the lunar ascending node is found. This allows the analytical averaging 
of the variational equations over the period of relative precession which, 
though large, is necessarily small in comparison to the time step of the 
numerical integrator which yields the systf»m evolution over geologic time. 

The resulting history is consistent with a capture origin tor the Moon*. 

It appears to rule out, in agreement with a previous result , origin of the 
Muon by fission. Results are shown lor a range of assumed values for the 
lunar tidal dissipation (that is, lor various IC 2 Q of the Moon) although they 
retiwin qualitatively the same. Tidal dissipation within the Moon, during what 
would be the immetl late-post-capture period, is shown to be capable of signi- 
ficantly heating the Moon. This result is consistent with large-scale melting 
of the lunar surface dated at about A. 45 x lO’ yr^. 

The immed iate-post-capture orbit has a periapsis within the Karth's Roche 
limit. I'aptute into resonance with the Karth's gravitational field as this 
orbit tidal ly evolves has been suggejjted as a mechanism to prevent so close, 
and perhaps destructive, an approach . We show that tlie probability of such 
capture is negligibly small, I’ = .tX)2, and offer alternative hypotheses for 
the survival of the Roche limit passage. 

1. Conway, B.A., Icarus 6IO-<)22 (1982). 

2. Coldreich, P. , Rev.Geopliy. 4, 411-4'J‘l (IDhh). 

3. Taylor. S.R., Nature 310, 98-99 (1984). 

4. Altven, II. and Arrhenius, G., .Science I 5 , Il-i7 (19()9). 
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A REAPPRAISAL OF DARWIN'S FISSION HYPOTHESIS AND A POSSIBLE LIMIT TO THE 
PRIMORDIAL ANGULAR MOMENTUM OF THE EARTH; William B. McKinnon and j.W. Mueller, 

Dept. Earth and Planetary Scl. and McDonnell Center for the Space Sciences, 

Washington University, Saint Louis, MO 63130. 

A century ago G.H. Darwin proposed that the primordial earth may have rotated 
fast enough that the solar tidal period was nearly resonant with the fundamental free 
oscillation period of a fluid earth. A large and unstable tidal oscillation would then 
have split off to become the moon. Jeffreys developed an argument that dissipation 
during resonance would be sufficient to prevent such an unstable oscillation (1), how- 
ever, and the hypothesis was laid to rest. 

If the earth and moon are recombined so as to conserve angular momentum, and the 
resulting object Is modeled as a Maclaurin spheroid with a density equal to the earth's 
present density o» then Its spin frequency w will be 0.303/i»Gp (period ■ 5.36 hr.). 
So^ar tidal forcing will be at twice this frequency. Lord Kelvin showed that the fun- 
damental (t»2) free oscillation for a fluid sphere occurs at (16/15)'> /nGp. This oscil- 
lation Is composed of 2t+l - 5 modes that are degenerate when w » 0 only . The sector- 
al (“football"! modes (m«t2), relevant to tidal resonance, are split such that the fre- 
quency of the '"backward" propagating tide (m«-2) Is significantly decreased (as seen In 
the Inertial frame). This frequency, based on the calculations of Chandrasekhar (2), 

Is 0.654/trGp (period ■ 2.48 hr.) for the rapidly rotating proto-earth, or only 8t 
greater than the tidal frequency (period ■ 2.68 hr.). Considering that solar tides 
have extracted angular momentum from the earth-moon system over 4.5 b.y. (a few percent 
of the present total [3]), the correspondence of the primordial tidal and resonant 
frequencies Is nearly exact. (The effect of central condensation of the proto-earth 
Is to Increase both frequencies by a similar, though for the resonance not precisely 
known, amount [10-20*]). This result, unknown to Darwin or Jeffreys, Is curious, 
to say the least. 

To evaluate the effects of resonance, consider the problem as a driven, damped 
oscillator, governed by 


X + v(A) X ♦ >*'j^^(w)x « F cos(w[t]t) , 

where y, u, ui^, and F have their usual meanings, and A Is the amplitude of the tidal 
displacement x. Classical results apply, notably that, for large 0 («w^/y) and equi- 
librium conditions, A,^, . * If ^today 1 ^nd A^es needs to exceed 10® m 

for resonant fission, then Q must exceed lO^. This seems dubious even for an accre- 
tionary earth with very low viscosity (10^ - 10'’’ P) due to supersolidus temperatures 
(4). 0 may be estimated from GM/2aioRv, where M and R are the earth's mass and radius, 

and V Is the kinematic viscosity derived from mixing length theory (5,6). For very 
large A, v might approach R2,.,, so the resonance Is likely to be too damped for fission. 
This argument Is more general than Jeffreys' (1), who considered friction between the 
oscillating mantle and a rigid core. An even more robust argument follows from the 
fact that Q must be so great for fission that equilibrium is not maintained; the 
fluid proto-earth passes so quickly throuqh resonance that maximum amplitude Is not 
reached (at for resonance a Q"^; the system t a 0"'). 

If resonant fission Is not possible, what is the significance of the commensurate 
periods above? Numerical coincidence? We suggest not; perhaps solar resonant tides 
acted as a brake on the spin of the primordial partially molten earth. Certain pro- 
posed origins for the moon (binary accretion, capture) do not necessarily Involve 
addition of substantial amounts of angular momentum to the earth-moon system. The pri- 
mordial earth-moon system may have had nearly the same angular momentum as It has today. 
References : (1) Jeffreys, H. (1930) Mon. Not. R. Astron. Soc . 9j[, 169-173; (2) Chandra- 
sekhar, S. (1969) Ellipsoidal Figures of Equil ibrium . Vale Univ. Press (New Haven), 

Ch. 5; (3) Kaula, W.M. and Harris. A.W. Rev. Geophys. S pace Phys . IJ (1975) 363-371; 

(4) Cooperman, S.A. (1983) Geophys. Res. Lett . 10 , 925-928; (5) Hubbard, W.B. (1974) 
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NUMERICAL SIMULATIONS OF FISSION; R.H. Di.rlsen, Indiana Uni/., 

R.A. Oingold, Mt. Stromlo and Siding Spring Obs., and E.H. Scott, National 
Space Science Data Ctr. 

Up until recently, the fission theory of lunar origin had to rely on 
classic results for the equilibrium and stability of se1f*grav1tat1ng. 
Incompressible fluids (1). Because this work was mostly analytic, conditions 
for the onset of dynamic Instability could be determined but not the out- 
come. Over the past seven years, several research groups have applied 
modem hydrodynamic simulation techniques to the fission problem. The most 
comprehensive study to date (2) Indicates that, for fluids with the compress- 
ibility of stars, dynamic fission Instabilities lead to spiral-arm ejection 
of mass ana angular momentum In the form of a ring or disk of debris, not as 
a single body. Some quantitative aspects of these results seem favorable 
to lunar origin by fission (3). We have expanded on this work by considering 
fission Instabilities In fluid objects with a smaller degree of comoress- 
Iblllty, more closely approximating terrestrial material. Although :he 
qualitative features are similar, there are significant quantitative 
differences for the stiffer equation of state. We will discuss the Im- 
plications «*f our new results for the fission hypothesis of lunar origin. 

We also hope to present evolutions Illustrating possible approaches to 
Instabi llty. 

1. Chandrasekhar, S. (1969) Ellipsoidal Figures of Equilibrium (Yale) 

University Press, New Haven). 

2. Durlsen, R.H., Glngold, R.A., Tohllne, J.E., and Boss, A.P. 1984, 

Astrophys- J. . in preparation. 

3. Durlsen, R.H. and Scott, E.H. 1984, Icarus 58, In press. 
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THE DYNAMIC FISSION INSTABILITY AND THE ORIGIN OF THE MOON; 

Alan Paul Boss and Hiroshi Mizuno, DTM, Carnegie Institution of Washington 

One theory for the formation of the Moon involves the dynamic fission of 
a rapidly-rotating protoplanet, which might then result in the formation of 
the Earth and the Moon. The fission hypothesis was originally based on 
analytic, linearized models of the growth of asymmetry in homogenous 
(incompressible) bodies. Recently the fully nonlinear evolution of the 
dynamic instability in invlscid, compressible bodies has been calculated 
using numerical techniques. The dynamic instability was found to degenerate 
into the ejection of a ring of matter with a substantial fraction of the 
mass, leaving behind a central body with moat of the mass, which is still an 
attractive means for forming the Moon (1). All theories of fission require a 
similar catastrophic, dynamic phase in order to obtain two bodies from the 
Initial single body, even those theories which Involve a prior phase of 
secular evolution (2). We have used both the linearized analytical approach 
and the more recent numerical approach to show that dynamic fission probably 
does not occur in rocky protoplanets. 

The numerical calculations are performed with a fully three dimensional 
hydrodynamical code, which allows the nonlinear, time evolution of the 
instability to be followed. The protoplanet 1^ represented by a fluid with a 
Murnaghan egi^tion of state (p - (K /Y)((p/p ) - 1)) in the solid regions 
(p> 3 gcm^- p ) and zero pressure otherw?se. The numerical method 
ensures global conservation of both the total mass and the total angular 
tromentum of the system. The protoplanet is constrained to rotate essentially 
it a rigid body. The kinetic energy in the solid regions (i.e., motion other 
than rigid body rotation) is dissipated throughout the evolution in order to 
simulate the effects of viscous dissipation in rocky bodies. The basic 
numerical method is the same as that which originally helped discover the 
outcome of the dynamic instability in compressible, inviscid bodies. The 
above alterations to the numerical methods have been successfully tested on a 
series cf test problems involving the equilibrium of a body subjected to 
tidal forces (the Roche problem and lower dimension analogues). Sequences of 
uniformly-rotating equilibria (■ Maclaurin spheroids) have been constructed 
and are used as the initial models for the fission calculations. The results 
can be scaled to protoplanets of arbitrary size, with the same K and Y. 

We have studied the dynamic instability ig_a numerical mode? consisting 
of a Y - 5 protoplanet with a mass of 6.2 x 1 0“^ g, rotating well above the 
limit for dynamic instability (rotational energy/ [gravitational energy j - 
6 « 0.30 >6 - 0.27^). An initially Imposed asymmetry consisting of a 10$ 

binary pertuFBatlon in the density was found to disappear on the rotational 
period time scale. No dynamic instability occurred. 

This . suit has been verified analytically by including our velocity 
dissipation terms in the linearized analysis of the stability of a Maclaurin 
spheroid (using the tensor virial equation approach): the dynamic 

initability disappears when our simulated viscous dissipation terms are 
incxuded (the secular instability remains). We intend to extend this 
analysis to ellipsoidal equilibria. 

These resul^^ apgly_|.o bodies with large viscosities (kinematic 
viscosity V > 10 cm*^ s ). Any rocky body, even with considerable partial 

melt or a molten core, should be stable to dynamic fission; any rotational 

instability that occurs can only result in equatorial mass loss. 

(1) Durisen R. H. and Scott E. H. (198i<) Icarus p. 153-158. 

(2) O'Keefe J. A. and Sullivan E. C. (1978) Icarus' 35, p. 272-283. 
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TIDAL DISRUPTION AND T'lE ORIGIN OF THE MOON; Hiroshi Mizuno 
and Alan Paul Boss, DTM, Carnegie Institution of Washington 

The dynamic problem of the tidal disruption of a rocky planeteslmal has 
been solved by a direct integration of the fully three dimensional, nonlinear 
equations of motion. Tidal disruption has long been thought to be a crucial 
process in the accumulation of the terrestrial planets. Previous work has 
been limited to static, equilibrium models in circular orbit about a primary, 
and the result that stable equilibria do not exist inside a critical radius 
(- Roche limit) has been hypothesized to mean that any object that passes 
within the Roche limit is disrupted. We have disproven this hypothesis. 

Our time-dependent solution is performed numerically, treating the 
planeteslmal as a fluid with a Murnaghan equation of state_. 

(p - (K /Tr)((p/p ) - 1 )) in the solid regions (p > 3 g cm - p ) and 

zero pressure otRerwlse. The kinetic energy in the solid regions is 
dissipated throughout the evolution in order to simulate the effects of 
viscous dissipation in rocky bodies (tensile strength is negligible). The 
boundary between the solid regions and the "atmosphere" is accurately 
followed. The numerical methods have been extensively tested on a series of 
one, two (Jeans), and three (Roche) dimensional teat problems involving the 
equilibrium of a body subjected to tidal forces; the teat results predict 
critical radii for disruption of the equilibrium which agree very well with 
the analytic solutions. Sequences of uniformly-rotating equilibria 
(■ Maclaurin spheroids) have been constructed for use as initial models for 
the calculations. The results may be scaled to planetesimala of arbitrary 
size, providing that the same equation of state applies (same K and Y). 

The calculations show that a rocky body (radius - 1000 km,°Y - 1) which 
passes by the Earth on a parabolic orbit with a perigee within the Roche 
limit ( ■ 3 „^^^) is not tidally disrupted, even for grazing incidence 

(■1.2 most, a few percent of the mass Is lost from the surface 

of the planeteslmal. Objects on hyperbolic orbits would experience even less 
tidal disruption. There are two coupled reasons for why this result differs 
from previous hypotheses: (1 ) in a dynamic encounter, there is insufficient 

time to disrupt the planeteslmal (compared to the Infinite time available in 
the Roche problem), and (2) the velocities in the solid region must remain 
small because of viscous dissipation, and hence it takes many orbital periods 
to completely disrupt a rocky planeteslmal (in which case the disruption 
consists of gradual mass loss from the surface, not a catastrophic failure). 

Our results do not apip^y t^ bogles with very low viscosity: if the 

kinematic viscosity v > 10 *■ cm*^ s , then our results apply. Nakazawa and 
Hayashi's study (private communication) of tidal disruption indicates that 
Inviscld bodies can tidally disrupt, which is consistent with our results (as 
we decrease the amount of dissipation, more mass is lost). Thus only 
completely molten bodies are Inviscid enough *^0 undergo tidal disruption; any 
rocky body, even with considerable partial melt, or with a molten core, 
should be able to resist disruption. 

In the accumulation theory of the formation of the terrestrial planets 
(including the Moon), one of the Important factors for determining the 
relative velocity in the swarm of planeteslmals (and hence the growth time) 
is the mass spectrum. We have shown tha*’ tidal disruption can be ruled out 
as a mechanism for reducing planeteslmal masses. Furthermore, mechanisms for 
forming the Moon which rely upon tidal disruption (e.g. , tidal disruption by 
Earth in order to capture a circumplanetary ring of matter which can later 
accumulate into the Moon), are unlikely to be correct. 
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A NUMF,Hir,Al. INVTtrtk'.aTION OF PLANETFSIMAL COLLISION 
TRAJECTiiPTES WITH A MOON Af'CHMIlLATI NO IN EARTH ORBITs L. P. COX 
.1 . S. lowl.M Af'nnu I fi t.pri , Tn<’.: Tufpon, Arizona and Concord, Mass. 

In the acemrio of lunar origin in which the moon is assumed 
to have accreted most of Its mass while In orbit about the Earth, 
a knowledge of the relative Impact rates of heliocentric planet- 
eslmals on the nccrotlng Earth and moon is essential for any 
attempt to establish dynamical constraints on lunar origin. All 
previous models of lunar accumulation in Earth orbit have treated 
gravitational encounters, including collisions, between planet- 
esimnls and the accreting moon as two-body interactions. However, 
thin idealize! two- body treatment of encounters has been found to 
break lown when the ratio of the unperturbed relative encounter 
velocity of the two bodies to their mutual surface escape vel- 
ocity, V/V , is less t han c'O. 3( 1 ,?) . 

Consequently, numerical integrations of the regularized 
equations of motion for four bodies (Sun, Earth, moon, planet- 
esimal) are in progress. A planotesimal impact trajectory is 
calculated by assuming that the planotesimal has hit the surface 
of the moon at an assumed location, traveling in an assumed 
direction, and with an assumed impact speed. Next, the equations 
of motion are nuiu. ri ca 1 1 y integrated backward in time in order to 
determine where the plnnetesimal has come from as given by its 
osculating orbital elements at large enough separations from the 
Earth and moon tfiat the elements are sufficiently close to their 
heliocentric values. In this way those volumes in heliocentric 
orbital element space which contribute trajectories that directly 
impact the moon, analogous to the "bands" of trajectories impact- 
ing a planetoid Earth found by 'liuli(3) and Dole(4), can be 
mapped out. 

In numericfil integrations of the three-body equations of 
motion, many impact.‘? were ob.served at low velocities, V/V < 0.1, 
to result from encounter trajectories having unperturbed separ- 
ation distances far beyond the two-body gravitational radlus(1,2). 
The present investigation should quantify the extent to which 
the moon benefit.^ in the late stages of its accretion from this 
"anomalous gravitational focusing" of low-velocity heliocentric 
planetesl ma 1 s by the Earth, assumed at thi.s stage to be closely 
approaching Its present mass. 

(1) Wetherill G. VJ. and Cox L. P. (19P4) The range of validity 
of the two-body approximation in models of terrestrial planet 
accumulation: T. Gravitational perturbations, (in press; 

(2) Wetherill G. W. and Cox L. P. (19H4) II. Gravitational 

cross-sections and runaway accretion, (in press) 

( 3 ) GiuLi R. T. (1968) in Icarus . 8. p. 301-323. 

(4) Dole S. H. (1962) in PI nne ta ry .Gi'aco .Sci . . 9, p. 541 -553. 
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William K, Hartmann, Planetary Science 


Many luntr origin theorists have felt constrained by Occam's razor to 
avoid postulating a role for stochastic events, such as large Impacts, This 
attitude is a misreading of Occam's razor, which asks that we not posit ftd hoc 
events. Some cifliSfiS of Influential events in solar system history are 
class-predictable but not event-predictable ; we believe the class of events 
occurred, but we cannot predict times and magnitudes of individual events. The 
events are thus stochastic, but not ad hoc . 

An example Is the probable K-T boundary astarol^ impact; Asveroid 
statistics long ago Implied such events every few lo'-io” yr, but we could not 
convincingly tie specific geologic effects to specific impacts. As a result, 
large impacts tended to be ignored; we should have given more thought to 
geologic and climatic conseguences of these class-predictable events. 

Analogously, we shou'd be careful about adopted constraints on lunar 
origin and not ic^nore class-predictable stochastic events. As long ago as 1958, 
0, Yu. Schmidt^ emphasized the statistical effects of innumerable small 
planetesimals, explaining the tendencies toward regularity; prograde rotations, 
small obliguities, i's and e's, etc. Superimposed ^ere the effects of 
large-scale stochastic events, emphasized by Safronov^ as early as 1966. The 
magnitude and timing of the largest Impact in ^ach planet's history may have 
been crucial to that planet's development. Theoretical and observational 
results support the importance of large-scale stochastic events ^impacts or 
encounters?) In explaining differences among planets: (1) Safronov^ attributed 
obliguities to impacts of masses up to a few percent of planetary mass (5f[ for 
Uranus; 0.1'< for Earth); {?.) D.P. Davis and r obtained similar results for e's 
and i's. Items (1) and (2) imply planetesimals as large as D .> 1000 km striking 
planets during the planet-forming period; (3) Lunar and planetary basins dating 
bac^ an estimated 4.0 0> . give d i rect evidence of impactors as large as 0-150 
km;^ (4) Several satellifes show impact scars nearly big enough to disrupt 
them, 34-40< of the diameters for Phobos, Mimas, and Tethys. Voyager analysts 
concluded that Mimas and other moons had been completely disrupted and 
reassembled — accretion involved catastrophe; (5) Some asteroids have been 
fragmented, but others have survived with primitive surfaces; (6) Differences 
in ring systems and sttellite systems also suggest stochastic processes. 

Impacts and dose encounters with large objects during planet formation 
are class-predictabif>. These stochastic events, such as large impacts that 
triggered ejectirn of Earth-mantle material into a cIrcum-Earth cloud, should 
not be rejected as ^4 A way to deal with such events scientifically is to 
investigate their conseguences; If it can be shown that they might produce the 
moon, they becom»- \iable concepts in theories of lunar origin. 

References 

(1) Schmidt, C. (1958) A Theory of the Origin of the Earth . Moscow. 

(2) Safronov, v. (1966) Astron . M. 2» p. RB7. 

(3) Hartmann, ‘V.K. (1977) in Comets. Asteroids. Meteorites . A. Delsemme, Ed. 
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A TESTABLE GRAVITATIONAL CAPTURE MODEL FOR THE ORIGIN OF THE 
EARTH'S MOON; Robert .1. MnlctilC, D<jpt. of GcoIokYi Ronald R. Winters, 

Michael E. Mlckelson, Dept, of Physics and Astronomy, Denison University, 
Granville, Ohio 4JU23 

A great-circle pattern of large circular maria can be interpreted as the 
signature of a tidal disruption event associated with a gravitational capture 
origin for the Earth-Moon system. The features that delineate this lunar 
surface rock pattern are Maria Orlentale, Imbrlum, Serenltatls, Crlslum, 
Smythli, and the mare-fllled crater Tsiolkovsky. Our proposed gravitational 
capture scenario is divided Into five eras. 

ORBITAL ERA 1. Jupiter-Perturbed Heliocentric Orbital Era (*'4.6 to*'4.3 
b.y.). The model begins with formation of the planets from nebular conden- 
sates about 4.6 b.y. ago. The Earth accumulates In the vicinity of Its pre- 
sent orbit but Luna (■ pre-capture Moon) forms as a small planetary unit on 
the Inner edge of the Asteroid Zone at about 1.7 - 2.0 A.U. Gravitational 
perturbations by Jupiter cause an Increase In eccentricity of Luna's orbit 
so that it becomes Mars-crosslng and eventually Earth-crossing. During this 
orbital era, the lunar magma ocean would lose heat and eventually become 
mainly crystalline by 4.3 b.y. 

ORBITAL ERA II. Earth-Crossing Heliocentric Orbital Era (/^.3 to '*'3.9 
b.y.). This orbital era commences when Lura's orbit becomes Earth-crossing. 

At this point, occasional energy-dlsslpatlng gravitational encounters of the 
non-capture type can occur between Luna and Earth. A large quantity of or- 
bital energy ('*'4 X 10^® ergs) must be dissipated within the bodies of Luna 
and Earth during this orbital era. Although much of this energy can be 
absorbed by the Earth's upper mantle over this time interval, periodic tidal 
activity would be effective In reheating Luna's magma ocean zone. 

ORBITAL ERA III. Luna's Capture ('*'3.9 b.y.). As Luna undergoes periodic 
gravitational encounters with Earth while in a near Earth-llke orbit, the 
lunar body becomes warmer, more deformable, and thus more capturable. How- 
ever, gravitational capture of a lunar-sized body during a close encounter 
would entail dissipation of about 2 X 10^^ *-'fgs if Luna had a V 00 of about 
0.2 kro/sec. Even If we assume the Earth to be about twice as deformable as 
It is today, the lunar body must have Love numbers around h>0.5 and k>0.25 
to facilitate capture In one pass. Since energy dissipation is related to 
r~® (r» distance of separation between the two bodies), only encounters 
within 1.4 Re could be expected to result In Luna's capture. Encounters 
within 1.4 Rg are well within the Weightlessness Limit for the Earth-Moon 
system and such a close encounter of a sufficiently "warm" Luna could result 
In tidal disruption during the time of the encounter. 

ORBITAL ERA IV. Early Post-Capture Geocentric Orbital Era ('*'3.9 to -*^3.6 
b.y.). After the lunar body Is Inserted Into a geocentric orbit within the 
stability limit of the Earth-Moon system, a geocentric orbital evolution 
would occur which results In I’lrcularlzatlon »»f an initially highly elliptical 
orbit. Computer simulation of this early geocentric orbital evolution 
suggests that cl’ lariz.’Mon of the orbit occurs rapidly, I.e., within a 
few 10^ years afc':v capture. About 5 X 10^5 mi>re ergs must be absorbed bv 
the Earth and Moon during this orbital era. 

ORBITAL ERA V. Subsequent Geocentric Orbital Evolution ('*•3.6 b.y. to 
Present). Following orbital circularization at about 35 to 40 Rg (prograde), 
the lunar orbit gradually expands to Its present dimensions by way of 
"normal" tidal friction processes. 
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DIREITIONAI. PROPERTIES OF "CIRCULAR" MARIA: INTERPRETATION IN THE 
CONTEXT OF A TESTABLE (;RAVITATI0NAL CAPTURE MODEL FOR LUNAR ORIGIN; Robert J. 
Malcultt Dupt. of (k'ulogVt Ronald R. Winters, Michael E. Mickelson, Dept, of 
Physics and Astronomy, Denison University, Granville, Ohio 43023 

PhotugeoloKic study of "circular" maria and mare-filled craters reveals 
that several of these features are either elliptical and/or asymmetrical. 

The el liptlcity/asymmetry is interpreted as a directional property which may 
have genetic significance. The features with the most apparent directional 
properties are Maria Orientale, Crlsium, Humorum, Moscovlense, and the mare- 
fllled crater Tsiolkovsky. Other features with weaker vectorial signatures 
are Maria Imbrlum, Serenitatis, and Smythll. The asymmetric pattern associ- 
ated with Mare Orientale is somewhat different from that of the other maria. 
There are extcnsional features to the southwest of Orientale and compres- 
slonal features to the northeast. Thus movement appears to have been from 
southwest to northeast. All other maria, except Moscovlense, indicate move- 
ment in easter]' directions and these vectors are within 30° of the trend of 
a great-circle pattern of large circular maria described by [1]. The vector 
for Mare Moscovlense is in a north-easterly direction and is oriented nearly 
perpendicular to the great-circle trend. The directional properties of these 
features are consistent with at 'east three models of mare basin formation: 

(1) that the mare basins were excavated by a swarm of fra;;mentB from a tidally 
disrupted planetary body Impacting from a westerly direction (2); (2) that the 
mare basins were excavated by lunar satellites whose orbits decayed suffici- 
ently to cause the satellites to impact onto the lunar surface from a westerly 
direction [3]; and (3) that the basins were formed by the impact of large 
spheroids of lunar basalt onto the lunar surface from a westerly direction 
[1]. According to [1], such basaltic spheroids may be necked off a lava 
column during the tidal disruption phase of a very close gravitational en- 
counter between Earth and Moon early in Solar System history. In this tidal 
disruption model, each major basaltic spheroid impact zone should be charac- 
terized by a basaltic lava "lake" surrounded by anorthositic crust "flooded" 
by the overflow of basalt resulting from the collapse of the basaltic spheroid 
onto the lunar surface. A raised rim could then result from the rebound of 
the area in response to excess loading during Impact. 

General tests for the model are the following: (1) there should be no 
anorthositic crust under the postulated tidal disruption zones o' Mare Orien- 
tale and a restricted region of Oceanus Procellarum; (2) there should be a 
normal thickness of crust under the postulated fall-back zones; and (3) the 
crust under the mare basalt in the mare basins in the fall-back zones should 
not be greatly disturbed by the impact of the magmatic spheroids. Specific 
tests for the Mare Crlsium region (a typical impact zone in this model) are: 
(1) the morphology of the anorthositic crust under the mare basalt should 
be spoon-shaped (asymmetrical ) with the deep part on the western end; (2) the 
shape of the mascon associated with the basin should mimic the shape of the 
mare basalt fill; (3) the bulk of the rim-mantling material should be com- 
posed of a black-matrix breccia consisting of anorthositic crustal fragments 
within a matrix of lunar basalt; and (4) a negative gravity anomaly should 
be associated v;lth the raised rim. Other "circular" maria In the fall-back 
zones should have similar characteristics. 

REFERENCES: (1| Malcuit, R.J., et al. (1975) The Moon , V. 12, p. 55-62. 

(2] Hartmann, W.K., (1977) Sci . /imerlcan , v. 236, p. 84-99. 

(3) Runcorn, S.K., (1983) Nature , v. 304, p. 589-596. 
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THE’VROBLEhP'OF IRON PARTITION BETWEEN EARTH AND MOON DURING 
SIMULTANEOUS FORMATION AS A DOUBLE PLANET SYSTEM; W. A. Cassidy, Department 
of Geology and Planetary Science, University of Pittsburgh. 

Given certain conditions, there should be no problem in forming the 
moon as a sister planet of the earth, from the same reservoir of material, 
within the same time frame. Tne model described here requires fractional 
vapor/llquld condensation, planet accumulation during condensation, a late 
start for accumulation of the moon, and volatile accretion to the surfaces 
of each planet only near the end of the accumulation process. While most 
workers resist the suggestion that liquid phases could be stable In the 
primitive solar nebula, transient conditions as distant from the sun as 
1.6 A.U. produced during nebular flares or a T Taurl phase of the early sun 
could be characterized by pressures and temperatures within the stability 
fields of Iron and silicate liquids and vapors (1). That glassy chondrules 
formed, possibly as far from the sun as 3 A.U., Is not Inconsistent with the 
suggestion. At 1 A.U., therefore, cooling vapor may have condensed to 
liquids, and may have fractionated In the process. In the model. Initial 
accumulation of small objects Is helped If the agglomerating particles are 
somewhat sticky, as liquids might be, but still there would be a critical 
size range within which rotating bodies are unstable. Assuming that growth 
proceeds through this range, agglomeration continues. If the reservoir of 
vapor is being preferentially depleted In Iron by fractional condensation, 
an Iron-rich planetarv core forms. As the temperature decreases, condensing 
material becomes progressively richer in silicates and poorer in iron, 
forming the silicate-rich mantle of an already differentiated earth 
(cf. 2,3). Continuing to develop the model, a second center of agglomeration 
successfully forms near the growing earth after most of the iron in the 
reservoir around 1 A.U. has been used up. The bulk composition of the moon 
then is similar to the outer mantle of the accumulating earth, since from 
some Instant in time they drew on the same Iron-depleted reservoir. As 
each body Increased in cross-sectional area and mass It became a more 
efficient collector of additional material, but the earth had started sooner 
and became more efficient more rapidly. Volatiles accumulated late and were 
Incorporated into surface materials of both planets, but disproportionately 
more were gathered by the earth because by that time It was competing much 
more successfully for the remaining available material. (1) Cameron. A.G.W. 
(1984) Lunar and Planetary Science XV , p. 118-119. (2) Cassidy, W. A. (1964) 

Ann. N.Y. Acad, of Sciences 119 , o. 17-40. (3) Turekian, K. K. and Clark, 

S. P., Jr. (1969) Earth and Planetary Scl. Lett. 6 , p. 346-348. 
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OKIGIN OF THE MOON; A.E. Rinqwocxl, Research School of Earth 
Sciences, Austialian National University, Canberra, A.C.T. 2601 Australia 


The earth's mantle and the moon possess similar {'V,x2) abundances of the 
siderophile cluments (Co,Ni,Fe,W,P,S,Se and Te. (1) The abundances of these 
elements in the earth's mantle have been determined by the interaction of 
several complex processes unique to the earth, which relate to core formation 
and the distribution of siderophile elements between metal and silicates. 

These processes could not have operated similarly within the moon, in which the 
maximum size of a core is smaller than 10 percent of the proportional size of 
the earth's core and which would have formed under drastically different 
P,T,fo2 conditions to the earth's core. The similarities in siderophile abund- 
ances strongly suggest that the moon was derived from the earth's mantle after 
the earth's core had formed (1). This conclusion is not weakened by the exist- 
ence of some important geochemical differences between the moon and the earth's 
mantle, which can readily be explained by selective loss of volatile elements 
(1) and segregation of a small amount (<0.5») of metal within the moon (eg, 2). 

The energy required to remove material from the earth's mantle and place 
it into geocentric orbit can be supplied most readily by impact processes 
during accretion of the earth (3, 4, 5, 6). Theoretical studies of tektites, 
together with experimental impact mechanics investigations (6) show that 
impacts from accret ing planetesimals can accelerate material from the mantle 
to velocities exceeding lOkm/sec and can also evaporate large amounts of target 
material. Currently, most of t’ rs material would be recaptured by the earth or 
it would escape. However, at a late stage of its accretion, after segregation 
of the core, the earth probably possessed a strong magnetic field and a 
rotation period of 4-5 hours (3). Impacts of late-accreting, high-velocity 
planetesimals (possibly comet.uy bodies from the outer planet region) would 
evaporate many times their masses of mantle material (6) . These gases would be 
accompanied by a massive spray of shod-melted silicate droplets. Evaporated 
gases would be transiently ionized and thereby cc>upled hydromagnetically to the 
earth's rotation. It is suggested that the gases produced from such near-equat- 
orial impacts were rapidly spun out into equatorial geocentric orbit. Viscous 
coupling between the gases and shock-melted liquid spray also caused the latter 
to achieve similar orbits. The evaporated material was selectively recondensed, 
and, accompanied b’/ the shock melted, devolat i lised silicate droplets, accreted 
to form a sediment-ring of earth-orbiting planetesimals. The volatile compon- 
ents condensed further away at lower temperatures as sub-micron smoke particles 
and were blown away by an enhanced early solar wind. This sediment-ring also 
captured a significant pro^xartion of earth-bound planetesimals as advocated by 
(7), thereby increasing the total i»"on content of the sediment-ring to a level 
exceeding that in the earth's mantle. The moon was formed by accretion from 
planetesimals comprising the sediment ring. 

References (1) Ringwood, A.E. (1979) Origin of the Earth and Moon, Springer, 
N.y.; (2) Newsom, H., and Palme, H. Earth Planet. Sci. Lett., submitted 1984, 
(3) Ringwood, A.E. (1972) Phys. Earth Plan. Int. 6, 366-376; (4) Hf.rtmann, R. 
and Davis, D. Icarus ^ 504-515; (5) Cameron, A. and Ward, W. (19,'.<) Lunar 
Science 1 _ 120-122. (6) Boslough, M. and Ahrens, T. (1983) Lunar Planet. Sci. 

14, 63-69 ‘7) Ruskol , E. Soc. Astron. AJ . 15, 646-654. 
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1.N THL ORIGIN OF THF MOON BY ROTATIONAL FISSION; A.B. 
Binder, Senior NRC Fellow, Johnson Space Center, Houston, TX 
77058. 

There Is an Increasing body of evidence which suggests that 
the moon originated by fission. The observations, etc. which sup- 
port this concept are as follows. 

1) Essentially all stars are members of close or contact binary 
systems (1). These observations suggest that such systems formed 
by fission of the proto-star at the end of Its formation. Also, 
like the earth-moon system, the Pluto-Charon system has a large 
secondary to primary mass ratio and orbital characteristics which 
are expected for a fission pair. These empirical observations 
suggest that the formation of binary stars and planers by fission 
Is a prevalent process In the formation of astronomical bodies. 

2) Recent advances In the dynamical study of fission show that 
the "... results are consistent with some of the requirements of 
the fission hypothesis for the origin of the moon." (2) and In- 
dicated that stellar bodies also undergo fission. Also these stu- 
dies confirm that fission leads to a secondary body having a mass 
of 10 to 20% of that of Its primary. 

3) As shown earlier (3), ^the newly formed proto-moon, whose 
temperature was 2000 to 3000 C and which therefore had an exten- 
sive, volatile enriched atmosphere of vaporized silicates, would 
have lost a large fraction of Its original mass via mass transfer 
through the L, point. While most of this mass would have been re- 
captured by tne earth, some of it would have escaped the earth- 
moon system, thereby removing angular momentum from it. In addi- 
tion, the proto-moon Itself was rotatlonally unstably and this 
would have lead to the loss of mass from the proto-moon and the 
system. Calculation show that If only 0.7 to 1.5 lunar masses of 
material, I.e, only 5 to 10% of the original mass of the proto- 
moon, escaped the earth-moon system, the current angular momentum 
deficiency of the system can be accounted for (3). 

4) The processes described above would result in a moon of ter- 
restrial mantle material which was depeted in both metallic iron 
and volatiles. The moon would have been totally molten and would 
have differentiation in to a dunitic lower mantle, a peridotite 
upper mantle, and a feldspathic crust (4). As small core should 
have been formed mainly from Fe produced by the reduction of FeO 
as the moon lost its volatiles. The formation of a small lunar 
core would account for the observed lunar depleatlon pattern for 
the sideroohlle elements (4,5). 

The above characteristics are consistent with our current 
understanding of the moon's oulk composition, interrsl structure, 
seismic, and tectonic characteri sties . 

1) Abt H.A. and Levy S.G. (1976) Astrophys. J., Suppi . Ser. 30, 
p. 273-306. 2) Durlsen R.H. and Scott E.H. (1984) Icarus 58, p. 
153-158. 3 ) Binder A.B. ( 1980 ) Proc. Lunar Planet. Sci . Conf. 
11th, p. 1931-1939. 4) Binder A.B. (1974) Moon 11, p. 53-76. 5) 
Newson H.E. (1984) EOS 65, p. 369-370. 
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RFOrHFMICAL FVIOFNCF FOR THE FORMATION OF THE MOON PY IMPACT IN- 
nuCED FISSION OF THE PROTO-EARTH. H. Wanke and G. Dreibus, Max-Planck-Institut 
fiir Chpmie, Saarstr.?3, 0-6500 Mainz, F.R. Germany. 

The Earth's mantle exhibits a number of qeochemical peculiarities ’^vhich 
make our planet to an almost unique object in the solar system. This becomes 
evident if one compares terrestrial basalts (TB) with those from the eucrite 
parent body (EPR), and the sherqotty parent body (SPB), which to all orobabil- 
ity is Mars. EPB and SPB basalts differ in their oxygen isotope systematics 
and in their higher contents of Mn from TB. Under "normal" planetary condi- 
tions fol+opx+cpx, being the major Fe- and Mn-bearing phases), the liquid- 
solid partition coefficients of FeO and MnO are only slightly above 1. Hence, 
comparing basalts from different planetary objects the depletion of Mn for 
Earth and Moon is immediately evident. 

Aside its lower abundance of volatiles and highly siderophi les, the Moon 
comes compositional ly in all details very close to the Farth's mantle except 
the lower FeO content of the latter which can be explained by a gradual trans- 
fer of some FeO into the core during geological times (1). Compared to their 
metal/si 1 icate partition coefficients (Om/s^* siderophile elements are 
hiohly overabundant in the Farth's mantle assuming equilibration with^a pure 
metal phase. Lunar basalts contain much less Ir, Au, ^tc. (Om/s " 

TB, while these differences diminish for Ni (hni/s *■ Ifl ) to abou^ a factor 3 
(?), and to less than a factor of ? for W, Co and P (0^/$ *■ Ifl ). In terms 
of a huge lunar magma ocean formation or addition and segregation of small 
amounts of metallic iron (■ 0.5 %), could account for the depletion of sidero- 
phi les according to their n„,/ 5 . 

Recently, impact induced fission became a most plausible physical process 
for the formation of the Moon (3,4). According to Wetherill (5), the largest 
objects impacting on the Farth during its accretion was in the order of sev- 
eral lunar masses. Wanke et al. (6) have presented evidence for the presence 
of unf ‘actionated primary matter in the lunar highland breccias, which in com- 
position should be almost identical to that of the bulk Moon. This observation 
also a>^gues for an impact induced fission scenario. In such an impact process 
large fractions of vaporized target material will be placed in orbit around 
the Earth and after recondensation - loss of volatiles - forms the Moon in a 
fast time scale. It is plausible that in addition to a massive Proto-Moon sev- 
eral smaller satellites formed which were swept uo by the Proto-Moon on a lar- 
ger time scale (7) (basin forming objects). These smaller satellites would of 
course have a couposition identical to that of the Proto-Woon. 

It is also plausible that impact induced fission occurred at the moment 
at \;h1ch accretion of the Farth was not yet totally completed. In terms of an 
inhomogeneous accretion of the Earth (8), most of the oxidized and volatiles 
containinq component is added towards the end of accretion. Hence at time of 
fission the mantle would have had somewhat lower concentrations of (oxidized) 
siderophiles and volatiles as today. Formation of the Moon from material of 
the Earth's mantle has been advocated since long by Ringwood (9,10). 

(1) Jaaoutz F. and Wanke H. (198?) Lunar ^58. (?) Wolf R. 

and Anders F. (1980) Geochim. Cosmocbim. AcTa~44, ?lll^ (T) Hartmann W.K. and 
flavis D.(1975) Icarus ?4, 504. (4) Roslouqh m.r. and Ahrens T.J. (1983) Lunar 
PlanetSci .-XI V, 63. C’lT Wetherill G.W. (1976) Proc . Lunar Sci. Conf . 7th , 
3245. (6) Wanke H. et al . (1975) Pr oc. Lunar Sci. Conf. 6th , 1313. (7) Runcorn 
S.K. (1984) Lunar Planet. Sci. -XV , 703. (8) Wanke H. (1981) Phil. Trans. R. 
Soc. Lond. A 303 , 287. (9) Rinqwood A.F. (1960) Geochim. Cosmochim. Acta 20, 
241. (10) Rinqwood A.F. (1978) Lunar Planet. Sci. IX, 961. 
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AN INTFr,RATFO DYNAMICAL AND GtOCHEMICAL APPROACH TO LUNAR ORIGIN 
MODELLING; D. Greenberq*, C.R. Chapman*, D.R. Davis*, M.J. Drake**, W.K. 
Hartmann*, F.l . Herbert**, J. Jones**, and S.J. Weldenschl I I inq*, constituting 
the Tucson Lunar Origin Consortium, *Planetary Science Institute, Tucson, 
Arizona, **Lunar ^ Planetary Laboratory, Tucson, Arizona, 

None of the three major categories of models of lunar origin readily ex- 
plains the Moon's properties: The fission model suffers from dynamical un- 
certaijnties and from compositional Inconsistencies with the mantle of the 
Earth; the model of growth In circum-terrestr lal orbit suffers from the gross 
bulk compositional differences between the Earth and Moon, y.n., the latter's 
lack of metallic Iron; the capture hypothesis requires some unknown capture 
mechanism to slow a full-sized Moon Into a bound orbit, and also falls to 
address the problem of low iron content. 

Our consortium considers each of those models to represent an end member 
of a more general scenario: As the Earth grew by planetesimal bombardment, a 
clrcum-terrestrlal cloud of particles was created from a combination of Impact- 
ejected mantle material and planetesimals captured directly Into orbit around 
the Earth. Such a swarm continued to capture planetesimals and to receive 
ejecta until the bombarding population thinned, the Earth stopped growing, and 
the Moon accreted In orbit. If Eerth-mantle material dominates the swarm, the 
model resembles the fission hypothesis; If small planetesimals dominate, the 
model reoresents fhe "growth In Earth orbit" end-member; If the swarm were 
dominated by a single large planetesimal, we would essentially have a capture 
model. A model Intermediate between these extremes appears most promising. 

In this context, we see two wav* to explain compositional properties. 
First is the stochastic route: A few big late planetesimals of diverse compo- 
sition are captured In orbit and/or hit Earth. Such rare events control the 
final composition of the Earth and Moon. This approach may be reasonable 
because some late planetesimals were probably biq, and they had large orbital 
eccentricities and thus may sample a range o' compositional zones. However, a 
stochastic explanation Is difficult to analyze or test. Some might call It ad 
hoc , yet such events are quite plausible. 

We consider a second route which may provide a systematic explanation of 
composition: The c I rcum-terrestr I a I swarm acts as a 'liter, preferentially 
capturing small weak silicate bodies, while passing large Iron planetesimals 
(cores of broken parents ). -The dynamics of this filtering process are des- 
cribed in a subsequent paper. There are a number of issues related to this 
hypothesis that are also considered^ In subsequent napers: What other geochem- 
ical pr<yxytles need to be explained? How was the swarm produced in the first 
place? * And final Iv, how was the swarm maintained In orbit? Or more 
specifically, can captured material cof^rlbute enough angular momentum? The 
answer to the latter seems to be qc, a seeming stumbling block to any model 
Involving a clrcum-terres+r lal swarm. Unless some systematic source of angular 
momentum c^n be Identified, we mav bo forced to rely on stochastic dynamical 
processes^' 'or an explanation. 


(I) Drake, M.J., and J. Jones Invited review (no abstract) this conf. 

(?) Chapman, C.R., and P. Greenberg (1RR4). This conference. 

(3) Kreutzbo’-ger , M.F. at ai. (1*^84). This conference. 

(4) Weidenschi I I Inq, S.J. (1984). This conference. 

(5) Hartiremn, W.k. (19''4). "Role of Giant impacts", this conference. 

(6) Davis, O.P. and F. Herbert (1984). This conference. 
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LUNAR ORIGIN: ROLF OF GIANT IMPACTS*} William K. Hartmann, Planetary 
Science Institute, Tucson, Arizona AS71R. 

The Impact flux required to accute Earth’s mass during accretion time T ■ 
0.03 to 150 m.y. ranees from some 10^ to 10 x the present flux. In 1975, 
Hartmann and Oavls^ suggested that Impacts of a large planetesimal (s?) during 
this period ejected "Iron-deficient crust and upper mantle material, forming a 
cloud of refractory, volatile-poor dust that could form the moon." 

The high primordial / J ux I mo Lies 1 Impact/week of bodies ranging about 
2-50 km across and about 10' to 10^ kg. A small fraction of the resulting 
ejecta reaches near-Earth space, with sub-orbital stay-times of the order of a 
week. (In fast-accretion models, the "weekly Impactors" have dimensions larger 
than the present atmospheric thickness; they are especially efficient In 
ejeftlnq debris Into near-Earth space.) Therefore, the "weekly Impactors" 
maintain a time-varying cIrcum-Earth swarm or disk; Its density needs further 
evaluation. The swarm may have Interacted with Incoming material, or accreted 
onto a small proto-moon I et already (captured?) In orbit. 

Less froguent 100+ km Impactors ejected transient surges of mass Into the 
clrcum-Earth swarm. The largest Impactors probably approached or exceeded lunar 
size. One or more giant Impacts may have added enough heated, volatile-depleted 
upper-mantle material (from a magma ocean?) to contribute much of the moon’s 
mass. Lunar formation in such a swarm Is supported by Thompson and Stevenson, 
possibly within 100 yr. If Earth spun rapidly, as In fission models, the 
largest Impact may have introduced enough angular momentum and energy to 
trigger the eject Ion/ f I ss Ion event. I mpact- 1 nduced fission thus overcomes 
certain problems of classical fission models.- ^ - 

The suggestion by Hartmann and Davls‘ and later by Cameron and Ward^' 
that lunar origin involved giant impacts remains attractive. Large 
planetesimals arc consistent with current accretion models, and may have been 
widely scattered in the early solar system: their existence Is a reasonable. If 
not necessary, assumption in moon-origin models. Furthermore, Isotopic data 
regulre the moon’s formation primarily from local material resembling Earth’s 
upper mantle, not material from elsewhere in the solar system. Giant Impacts 
are stochastic, class-predictable events that would provide the required type 
of ejected Earth-mantle material without requiring large moons to form near 
other planets (a problem with less stochastic processes). Such material may 
ha /e mixed with incoming meteorites during lunar formation, affecting lunar 
cheinistry. Further work on this hypothesis should Include dynamical studies of 
whether: (1) some ejected material in each large imnact would remain In orbit, 
causing growth of the swarm; (2) a small moonlet captured or accreted In the 
swarm could serve as a nucleus to catalyze lunar accretion; (3) spontaneous 
accretion could yield a moon without a catalyst-moon let; (4) tidal action could 
help the primordial moon move outward Instead of spiraling In due to drag; (5) 
Earth’s rotation rate or an obligue Impact Is critical In launching the swarm; 
and (6) the swarm helps differentiate Incoming material, preferentially 
capturing low-density silicate dust. 

•Research conducted in conjunction with the Tucson Lunar Origin Consortium. 
References 

(1) ^artmann, W.K. (1980) Proc. Conf. Lunar Highland Crust , p. 155-171. 

(2) Hartmann, W.k. and Davis, D.R. (1975) Icarus 24 , p. 504-515. 

(3) Thompson, A. and bievenson, D. (1983) Lunar Planet. Sci. XIV . p. 787-788. 

(4) Cameron, A. and Ward, W. (1976) Lunar Sci . VII . p. 120-122. 
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M'JOUS Of A/^GJLAft MOMLNTuM INHUT TO A CIRCUMTIHRC STH I AL SMARM FROM ENCOUNTER' HIIH 
MELIXEMRIC PLANETE jIMAlS*; Floyd H«ru«rt, Lunar and Planatary Laboratory, Unlv«r»lty of Arizona, 
Tucson A/ n^72l, and Donald R> Davts, Planatary Sclanc# Inttituta, Tucson A2 8S7I9. 


Modols of lunar origin In unich tha Moon accratas In orbit about tna Earth from matarlal 
approaching tha Earth from hollocantric orbits must ovarcoma a fundamantal problomt tha approach 
orbits of such matarlal aould ba. In tha simplast approximation, oqually llkaly to ba prograda or 
ratrog'dda about tha Earth, alth tha rasult that accatlon of such matarlal odds 'tass but not angular 
momantjm to c I rcumtarras tr I a I satallltas. Satal 1 1 ta orbi ts iKuld than dacay dua to tha rasulting 
drag, ultimataty Impacting onto tha Earth. 

In tha prasant aorK oa Invastigata ona possibility for adding both nwitarlal and angular momantjm 
to Earth orbitt Imbalanca In tha dallvarad angular momantjm bataaan pro- and ratrograda 
Earth-passing orbits which arlsas from tha throa-body dynamics of planataslmal s approaching thv Earth 
from hallocantric spjca. Tha axistanca of this Imbalanca for planataslmals directly strlxlng tha 
Earth and Its tandancy to ba of prograda sansa was first domonstratad by Glull^*^ In njmarical 
computations and latar In analytic aork by Harrls^^^. 

In order to Study angular momentum delivery to c I rci mterrestr iai satellites we have numerically 
computed near-Eartn velocities as a function of distance from the Earth for a large array of orbits 
sy s tema t I ca I I y spanning heliocentric phase space. The rasulting distribution f(v,r,a,e) of 
Ear th-pass I ng velocities v at each distance r resulting from erbits at each hellocenTrlc a and e 
together «ltn one of tne various plausible assumed heliocentric planataslmal number densities n(a,e) 
determines ttie mean velocity near the Earth of all planetesimelr from all parts of the feeding zone by 
<v> */v f(v,r,a,e) n(a,e) d^v do da '/f (v,r,a,e) n(a,e) d^v dado. 

~ The results of this experiment for most assumed planetesimal distributions produced mean 
tangential Earth flyby velocities that wore positive (prograde) both near the Earth's surface ana at 
distances up to 40 R^ . A constant n(a,o) yielded mean flyby tangential vilocitias of only a few 
percent of local circular Earth orbit speed V(;(r), whereas a quas I -thermo I distribution around 
heliocentric eccentricity of 0.03 gave flyby tangential velocities varying from a few to 10( of v^ (at 
40 R^’). Raising the rwan thermal eccentricity to 0.03 and assuming that planetesimol s crossing the 
Earth's orbit without terrestrial pertj-bat ions are reduced in frequency by a factor of 10 produced a 
mean flyby tangential velocity 20> of v^ at 1 and iOt of v^ at 40 (but about zero at 2.5 Rg). 
The significance of heliocentric feeding zone weighting Is sho>n In Figs. I and 2, which are 
histograms of the sign of the zonal statistic <v(a,e)> at 4 R^, computed by evaluating the above 
expression over small a and e bins with n(a,e) constant. F|g. 2 values are relative to v^(r), while 
Fig. I refers to a non-rotating frame. Those diagrams Indicate the heliocentric phase space source 
regions for significant angular momehtjm input to the near-Eartn region. Therefore, while other 
weightings of thu heliocentric population might increase angular momentum input. Fig. 2 suggests that 
there is no simple weighting that would spin up the c 1 rcumterrostr iel swarm. 

These preliminary experiments show *'at heliocentric p I anetos ima I s passing through the Earth 
environment possess significant angulcr momentum. Hi lever It also appears that these same 
planutesimals Impacting a ircula >zed cl cur.' ■’reutriz.l planetesimal swarm would likely remove 
angular momentum (though i sibly increasing' mean kinetic energy), presumably promoting both swarm 
■ nfall -pon the Earth arl e'.cape ro hel iouer.tr i c space. Only a distribution of highly eccentric 
satellite orbits with meu i tangential velocities of a few tens of percent of local circular velocity 
would bo Immune against angular momentum loss to passing heliocentric planetesimal s. 


^Research conducted in conjunction with the Tucson Lunar Origin Consortium 
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CAPTURE OF PLANFTFSIMALS INTO A CIRCUMTFRRESTRI AL SWARM»{ Stuart J. 
Weldenschl I I Inq, Planetary Science Institute, Tucson, Arizona 85719 

1 2 

The lurar origin model considered by the Tucson Consortium ' involves 
processing of proto-lunar material through a c i rcumterrestr i a I swarm of 
particles. Once such a^swarm has formed, it can gain mass by capturing 
i of ailing planetesimals’ and ejecta from giant impacts on the Farth,^ although 
the angular momentum supply from these sources remains a problem. Here we 
examine the first stage of formation of a geocentric swarm by capture of 
planetesimals from initially heliocentric orbits. 

The only plausible capture mechanism that is not dependent on very low 
approach velocities is the mutual collision of planetesimals passing within 
Earth’s sphere or Influence. The dissipation of energy In inelastic collisions 
or accretion events changes the valu^ of the Jacobi parameter, allowing capture 
into bound geocentric orbits. RuskoK noted that this process is most effective 
for small bodies with larger area/mass, possitplv allowing compositional sorting 
(e.g., if mean Fe content varies with size).^' She assumed that planetesimals 
captured in this way would bring not prograde angular momentum sufficient to 
ensure stable orbits about the proto-Earth. 

We have tested this capture scenario directly by many-body numerical 
integration of planetesimal orbits in near-Farth space. Initial orbits are 
chosen randomly from a uniform distribution in fl outside the sphere of 
influence. The program can integrate up to 200 trajectories simultaneously. For 
a reasonable chance of collision with this limited number, only the planar caue 
Is considered, with approaches within 4 x 10^ cm scored as collisions. All 
collisions result in coagulation. A particle’s status, free or bound, is 
determined by the value of the Jacobi parameter. Collisions within the sphere 
of influence are scored as free-free, free-bound, or bound-bound. The number of 
events is severely limited by computer time, but allows some useful 
conclusions. 

With no initial random velocities (g ■ 0), 78 free-free collisions yielded 
27 captures (35<), 9 prograde and 18 retrograde. A uniform distribution of 
random velocities up to 0.05 times the heliocentric circular velocity yielded 
58 free-free collisions with 14 captures (21<), evenly divided 
progr ade-retrograde. In both cases, free-bound collisions tend to cause 
captured bodies to spiral inward until accreted by Earth. These results agree 
with those of Davis and Herbert^ that the systematic contribution of angular 
momentum is insufficient to maintain an orbiting swarm under heavy bombardment. 
Thus, a circumterrestr iai swarm can be formed rather easily, but Is hard to 
sustain because the mean net angular momentum of a many-body swarm is small. 
The requisite angular momentum can be supplied by a single collision (or a few, 
at mosf) of large bodies within Earth’s sphere of influence. A swarm formed in 
this wav could have subsequently accreted up to several times its original mass 
without collapsing on ! o the planet, possibly allowing enough processing of 
proto-lun-^r material to produce iron-silicate fractionation. 

•Research conducted In conjunction with the Tucson Lunar Origin Ojnsortium. 
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THF LUNAR ANGULAR MOMENTUM PROBLEM#; Stuart J. We I densch : I I i nq. 
Planetary Science Institute, Tucson, Arizona 8571R. 

Formation of the Moon by classical DarwIn-type fission of a rapidly 
soinninq proto-Earth requlres=3 1/2 times the present anquiar momentum of the 
Earth-Moon system. Proponents of fission have proposed mechanisms for the 
escape of the excess after fission, but have generally assumed that the 
proto-Earth could-acquire the requisite angular momentum during Its accretion. 
Both numerlcar* ' and analytic^ studies yield the result that the systematic 
anquiar momen'^ufr delive'’ed by impactinq p I anetes ima I s is small, and should 
produce.a slowly rotatinq planet. Even the most favorable case of Davis and 
Herbert,^ with fl and fl distributions maximizing prograde angular momentum of 
Impactinq orbits, yields barely the present angular momentum of the system. 
More plausible distributions yield much lower values. These results appear to 
rule out acquisition of enouqh anquiar momentum for fission by the accretion of 
small bodies directly Impacting the planet. 

More anquiar momentum could be supplied if Earth was surrounded by a 
proqrade accretion disk. Orbital decay of disk particles due to viscous 
spread! q or "accretion drag" due to impact of low angular momentum material 
onto th“ disk would add mass to Earth with specific anquiar momentum of 
circular orbital motion at Its surface. For fission Instability, Earth would 
have to acquIre'^/A of Its total mass via a disk. The low mean anquiar momentum 
delivered by Infallinq planetesimals makes It hard to maintain such a disk, but 
viscous spreading might prevent It from collapsing onto the planet, while 
allowing most of the mass to flow Inward. To maintain a steady-state disk, the 
mean specific anquiar momentum of material Impacting the disk must equal that 
reaching the Earth at the surface orbital velocity. The most favorable case of 
Oavis and Herbert requires a disk radius greater than 10R for a steady state; 
the processing of so much mass through a region well offtslde the Roche limit 
would favor a co-accretlon scenario rather than fI?slon. 

Even If the entire planetary mass were processed through an accretion 
disk. It might not reach rota+lonal Instability. At'-B0< of the critical anquiar 
momentum, the planet would evolve from an axially symmetric Maclaurln spheroid 
to a triaxial Jacobi ellipsoid. The non-ax I symmetric gravitational field would 
transfer anquiar momentum back to the disk beyond the synchronous altltude(“ 
1.5 R 1 via resonances and density waves. Thus, fission Instability could not 
be rf?ached by disk accretion, either. The requisite anquiar momentum could be 
delivered only by a large (stochastic) Impact of a Mars-sIzed body, but this 
scenario does not resemble classical fission. 

There Is a lesser but similar oroblem with co-accretlon models.^ To avoid 
orbital collapse by accretion drag, the Moon must gain angular momentum from 
the rapidly rotatinq Earth via tides. Accumulation of fhe planet by direct 
Impacts of planetesimals does not supply enough angular momentum. It would 
require proce? sing 0.2 M through an accretion disk, or else a giant Impact, to 
spin up the proto-Eart® before the lunar embryo formed. Thus, co-accretlon 
requires an earlier event that might In itself have sufficed to form the Moon. 
•Research conducted In conjunction with the Tucson Lunar Origin Opnsortium. 
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A CIRCUMTERRFSTRI AL COMPOS IT ION.', L FILTER*; Clark R. Chapman and 
Richard Greenberq, Planetary Science Institute, Tucson, Arizona 85719. 

A major q'lestion about the moon Is its under>abundance of iron. We seek 
(as others have) to understand whether a meta I -s i I Icate fractionation of 
heliocentric bodies can be achieved through collisional interactions with a 
c I rcumter restr i a I swarm. Largo, dense metallic cores of disrupted, 
differentiated p I anetes ima I s could pass through such a swarm relatively 
unimpeded, while silicate fragments would be filtered out and captured by the 
cloud, which might later accrete into a meta I -dep I etod moon. We envision 
planetosimals left over during the very late stages of accretion of the Earthy 
with heliocentric orbits extending a few tenths of an AU beyond the Earth's 
orbit. They may have been heated and geochemical I y differentiated into silicate 
bodies with iron cores, just as has apparently happened to a major fraction of 
the asteroid population. Such bodies would diffuse toward Earth's orbit. We 
consider the rates of such diffusion and of the mutual collisional destruction 
within the population. We then consider the interaction of the differentiated 
p I anetes ima I s and their collisional products (both si I icate mantle-fragments 
and Iron cores) with a swarm of Earth-orbiting I unesimal s (perhaps ejecta from 
the Earth) of km-scale, totaling 0.1 lunar mass, extending out 10 or 20 Earth 
radii. We find that such a small near-Earth population of lunesimals can filter 
out silicate-rich material, while passing iron cores, and form a moon composed 
partly of terrestrial material, but more substantially of the captured 
silicate-rich portions of the pi anetes Ima Is. This silicate-separation process 
and accretion of junesimals into the moon must go to completion in a time short 
compared with 10' yr, which is the timescale for the planetesimals to be swept 
up by, or scattered away by, the Earth. 

Our quantitative conclusions are: (1) Silicate fragments will be trapped, 
while Iron cores ca^ pass through the circumterrestrial swarm dozens of times, 
taking at least 10 yr before being trapped. (2) Until the supply of 
planetesimals is depleted. It may prevent the c I rcumterrestr iai swarm from 
accreting: planetesimals larger than lOOn in size could fragment rocky-strength 
lunesimals and would impact them on a timescale shorter than the timescale for 
accretion of lunesimals (1 year). (3) The iron cores are large and strong 
enough to withstand collisions with the lunesimal population. (4) If collision 
velocities among the p I anetec ima I s are <300 m/sec, as expected if they are 
governed chiefly by gravitational interactions with each other (rather than 
with larger planets), then the planetesimals and iron cores will survive long 
enough for the segregation process to go to completion. (5) The planetesimals 
apparently can diffuse toward the Earth's orbit on a timescale of 10' yr by 
their own collisional dissipation; they interact with the circumterrestrial 
swarm at velocities of severa.^ km/sec, as required for the segregation process. 
(6) During the course of 10' yr, the iron cores will be swept up by the Earth 
and Venus (or gravitationally scattered away), so little metal will remain for 
accretion by the moon once the moon forms; the stirring-up of the 
circumterrestrial swarm will slow as the cores are depleted, and the moon will 
accrete. (7) The whole scenario works only If there is a way to maintain the 
hypo'^heslzed c I rcuniterrestr I aL swarm, which otherwise would co I I i s Iona i I y 
diffjse on a timescale of 10^ yr (much of it collapsing on the.Earth); the 
source of angular momentum to maintain the swarm remains a mystery. *' 

•Research conducted in conjunction with the Tucson Lunar Origin Consortium. 
References : (1) Greenberg fi± fli. (1978) Icarus 39, 1. (2) Davis, D.R. and F. 
Herbert (1984). This conf. (3) Weidensch i I I inq, S.J. (1984). This conf. 
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Tin: OIUCIN or TIIR moon. .John T. Wasson and Paul II. 
WarrcMi, Institute of Ocophysics and Planetary Physics, University 
of California, l.os Angeles, CA ‘J(U)24 , USA, 

Bulk density alone shows that the Moon is depleted in 
metallic FeNi relative to the Farth or to chondritic meteorites 
havinjj similar FeO/MnO ratios (e.>{., II chondrites). This 
depletion implies that the Moon formed not from chondrites hut 
from differentiated material. Origin of the Moon by fission from 
the Karth offers a simple explanation for its depletion in leNi, 
but this mechanism seems unlikely because of associated dynamical 
difficulties. Furthermore, the currently accepted moment of 
inertia, 0.3905*002.^, implies that the Moon possesses a core 
rou^;hly .300 km in radius, inconsistent with formation from the 
mantle. Lunar volatile element depletions have been invoked in 
support of fission, but volatile contents of eucritic meteorites 
are similarly low and the eucrites did not form by liartb fission. 
Much of the hiyh volatile content of the Fiarth may reflect 
efficient late capture of volat i le- rich cometary material due to 
the Rarth's possession of an atmosphere. 

A more plausible origin of the Moon is that developed by 
Ruskol (1977), accretion from the circumterrestrial swarm. She 
sujigests that the low FeNi content of the Moon can be understood 
if the mean sire of interplanetary silicate particles was much 
smaller than that for metal particles, .iince this would have led to 
preferential capture of silicates into Rarth orbit, but we 
question whether the mean particle size of the metallic particles 
would have been enouRh to prevent theii- capture into the 

swa rm. 

AlthouRh igneously formed meteorites are much less common 
than chondrites, the statistics are biased because most 
meteotites come from parent bodies that are near or beyond the 
Asteroid Belt; it is plausible that most of the ast e ro i da 1 • s i ze 
bodies ^1 AU from the Sun melted within 100 Ma of the birth of 
the solar system, ;ind that most of the protoplanetary matter was 
in these bodies. The eucritic pare " body experienced 
metal/silicate fractionation >4.4 (la aj»o. We (Wasson and Warren, 
1979) suRRested that near 1 AU asteroid differentiation occurred 
before the bulk of ihe protolunar material had been captured into 
a circumterrestrial swarm. These differentiated bodies broke up 
as a result of mutual impacts. FraRmentat i on tended to reduce 
the more brittle silicate crusts and mantles to relatively small 
(perhaps ;^1 m) size, whereas because of their much Rreater 
strenRth many of the met.illic cores m.iy have survived intact. 
Collision of small silicate fraRments with debris already in 
Rarth orbit led to the orbital capture, but the debris cloud was 
essentially transparent to the metallic cores, and these objects 
continued in heliocentric orbit until removed by a close 
planetary encounter of the first or second kind. 

Ruskol Ye.l,. (1977 ) In .Sovi et -Amer . Conf. Cosmochem. Moon Plan. 
815. 

Wasson .I.T. and Warren P.ll. (IPT’P) Luna r Planet . Sci. 10, 1310. 
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FORMATION OF THE PRELUNAR ACCRETION DISK; A.C.W. Cameron, Harvard- 
Smitlwonian Center for A»trophytict. 

Bill Ward and I (1,2) were led to the suggestion of a collislonal origin of the Moon through the 
following consideration. The angular nvimentum of the Earth-Moon system is less than sufficient to 
spin the Earth to rotational instability, we were nevertheless interested to determine the mass of 
the body which, striking a tangential blow to the protoearth, could impart the angular manentum of 
the Earth- Moon system to the protoearth. The required projectile turned out to be about the mass 
of Mars. That defined the basic scenario of our lunar formation process. 

In such a collisir' we assume that both target and projectile, having formed fairly rapidly, are 
molten and have de'. eloped iron cores. A collision at the escape velocity of 11 km/sec (or slightly 
more) is sufficient to vaporize the rocky mantle of the projectile and a like amount of material in 
the mantle of the target. The result is a major explosion centered slightly below the surface of the 
protoearth. Material ejected from the site of this explosion would normally, under gravitational 
control of the protoearth, be on trajectories which would return it to collide with the protoearth. 
We were interested in the fact that, as long as the material was in the form of vapor, it would also 
be accelerated by pressure gradients. This would assure that a minor part of the material would be 
thown into orbit about the Earth, forming a prelunar accretion disk. 

The subsequent process of lunar formation consists of the viscous dissipation of this accretion 
disk, accelerated by the fact that the self-gravity of the disk would attempt to form local 
corsdensations in the disk, only to have them sheared apart inside the Roche lobe with 
accompanying dissipation (2). The material transported beyond the Roche lobe can accumulate to 
form the Moon; the efficiency of the process is so high that the disk is likely to be largely 
vaporized in the process (3). An accompanying process with observable consequence; is the loss of 
the Earth's primordial atmosphere by flow along the surface of the accretion disk (4). 

At the site of the impact the vaporization of the rock is largely a result of the compression of 
the material, and, with an expected efficient nucleation, recondensation of the vapor should occur 
before the exploding material has expanded very far. Assuming that the condensed material is still 
fairly finely divided (particles of the order of a centimeter), collisions would ordinarily be plentiful 
and the material could still act as a compressible fluid. However, relative internal motions are 
probably largely eliminated in the vapor phase, and the expansion is thus likely to take place with 
little further transverse acceleration (the 'gas* is 'cold'). This situation will form a prelunar disk 
of small dimensions and the yield of material at the Roche lobe is likely to be too small. 

This situation would be improved if relative motions can be induced among the particles when 
they have been carried to larger distances from the protoearth following the explosion (so that 
they will act as a ‘hot gas'). Transverse accelerations under these conditions impart much more 
angular momentum and make a larger disk. Two processes are under study that can contribute to 
such accelerations. One is the residual vapor fran the more volatile constituents of the original 
rocks that is unlikely to be able to recondense under the expected temperature conditions. The 
other is the effect of gravitational accelerations acting within the expanding material due to its 
own self-gravity. Some simple numerical illustrations of these processes will be presented. 

The precise line of impact of the projectile onto the target is not known. However, there is a 
substantial probability that the iron core of the projectile will not be absorired by the protoearth at 
the time of this impact, but will be collected on subsequent impact. If so, it is likely to be 
substantially fragmented and sh<?ared following the collision, and significant mutual gravitational 
effects of these fragments near the top of their trajectories can be quite effective in stirring the 
condensed particles. These fragments carry a great deal of angular ;nomantum, and transverse 
accelerations of the condensed particles at these large distances from the protoearth can lead to 
the formation of a much larger prelunar disk. 

REFERENCES: (1) A.C.W. Cameron and W.R.Ward (1976) Lunar Sci. VII , 120-122, LSI, 
Flouston. (2) W.R. Ward and A.C.W. Cameron (1978) Lunar Planetary Sci. IX , 1205-1207, LPI, 
Flouston. (3) A.C.Thompson and D.). Stevenson (1983) Lunar Planetary Sci. XIV , 787-788, LPI, 
Houston. (4) A.C.W. Cameron (1983) Icarus , 56, 195-201. 
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!n aio'Sely »)£ lur.ir ori-jln Ly yrea^; irijc*:, ittention ir 
uHu.illy p.ilJ ♦’o tliO bylrtxl y nauic <? xfii»t.ion rocjltin<j from th»' 
«jt »al amount oC thcr»d! enoij;, Mowovor, the rsoiitcc of thio 
on jC'jy i 4, .ifter dll, jtdvltation.il. Givnn th.it tilal 
tliaiuftion id inovit.alily nijnlflcdiit In a close approach Lutxoea 
Idcja to.Ues (1,2,3,'i), it ia tc be expectafl that sijni£lc.ir:t 
ilupurtuECii from tiaple h/p»*rl.olic orLlta voulj occur «ven before 
impact. These <lap.irt.ures coali arise from mechanical eftects, 
.»n 1 hence j)urely iacohanic.il mj.lels ato werth juruuiny. 

For cloa» .ippro.ichcs bc^v^en prot)[lunets the ti/c of M.iia 
or lirjer, we ropretiant odch pi met as an accurulatior of 
hoJios, typically 125. Tho ca leu lat i cii is fctarteJ bfy.inii tlo 
'.ocl»« linit, hut close enoijh that ti'lal atruHses will be oij 
onouyh that on a ylobal scale tUo plin^t is I'S.icn t ial 1/ fluii. 

For economy, the mo-lal is I:i late r il I y syaaetric about tho piano 

•iefincJ by the initial position .in.’ velocity vectors, anJ 

pl.inet spins .ire ao.ijno'l ort hojon.i 1 to this plane. Th® initial 

con f iguratioM it the tid.ally llatortel eJliinoi’ abcut the line 
between planet;. The trajectory of each of the elemental bodies 
is cilculitcd JUJininj tho jea vi tat ional attractions 

of .ill bodies in both pl.metn. principal difficulty in 

taking into account pruscure »:^fCc(;ts ln‘tv<*:«n bodies which ar«» 
in contact, us is thi case he^oro tilil disrurfi'^*' .after any 
subseguciit cdlieions. This is Oon*' l y teguirir.g lodics withi.a 
a prescribed di3tanc.=i of each oth.-?r to have irutuul acceler.a t ions 
leadinj to zerc lel.ative velocity, conserving linear momentum 
for any group of such bodies, but allowing the group to rotate. 
Ihc integration ^iatc-Mtop is controll'^d miirly by not allowin-j 
this simulation to c.iuso an artificial pulsation. 

The lost interest in j rasaltu iro cbtalnel fer approach 
offsets which .lEc a sm.ilL aultli-lo cf the planet radius and 
appro.ach velocities. .>f a few '<ilo!reteta / second. In tha case 
of an int.er.ict ion between 'lacs aiil Uarth sized f r otoplancts, 
most of the m.itsLial ends in ccllision, L ut a few percert end in 
ellliptic .orhirs and a fow p®t.:unt escape. The planet i j 
typically spun u^ to about .mo rotation / five hours. 


Anothe’’ irodel is to .:onwider in oftsjet rollisicn, such .is 
'irises froi i wide r.in je )•'. appioach velocitic.s and offsets. 
The fluid r.t it^ cC the pl.inatj upon impact itads ty esaenti.illy 
t broc lodles; the iv«rlapp-J portion, plus the two portions 
which am chaarcl off, as prPi^lously sujcestel (5,6). However, 
the state of th» planots at this itage already juite 

distorted, .tn.l it is not realisitic to treat them as spheres 
tintil the instant of impact. 

References: (1) Opik 1U72 IrLsIi Astc..1. 10; 100; (2) 

.Titlet 1975 Tc.iriis 2U; 25u; (1) vjetherill 197i» lun . F 1 . Sci. Conf . 
7: 3245; (4) Kaula 1')77 Lun. r 1 . Hci. Conf . 1; 321; (5) Ilartm.mn ?. 

Tavis 1975 Icarus 24: 504; (4’j) Ci,Tieron 5 '4ard 1076 lun.Hci. VII; 
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lil.'AF ORIGIN FROM IMPACT ON IW: EARTH: IS n POSSIHi7 Cfcvld J. Stevemon, Wv. 

.icoIOgicAl and Plant^tary SclAnoes, Qaltech, Pasadena, CA 91123. 


AU thaories of lunar orl^i involve events or processes which seemingly have low effi- 
ciencies or low probabilities or both. The model I am pursuing is an impact-triggered 
"fission" lunar origin. Prelimliary results indicate that the process Is not naoessarlly 
Inex'flcient nor unusually Improbable. The model Is, of course, not new (see refs 1-4, 
especially refs. 3,4) but this effort outlined here Is the first attempt to replace hand- 
waving with physics. It is hoped to present some detailed modeling at the meeting; this 
abstract only outlines the issues thet the models seek to address. Part of the worlr relating 
to disk evolution has been presented previously; emphasis here la on the emplacement of earth- 
derived material into earth orbit immediately aft^ a large Impact. **Seoond Bum" 
If impact ejecta (a mixture of target and projectile) leave the Impact site balllstloally and 
are subsequently acted upcn only by the 0^vity field of a spherical Barth, then the ejecta 
either relmpacts the Earth or e.<«capes on a hyperbolic trajectory. Hence the need for a 
"seccnd bun." '^^wtave considered three possible resolutions: pressure gradient acoeler- 
atlon, non-central gravity and viscous spreading. (1) PressLu>e (yadlent Acceleration: The 
expanding vapk-r-llqvild-solld ejecta cloud may have tdghly non-Keplerlan motion for distances 
at least as great as a few projectile radii away fhom Impact.*^ Suppose that Keplerlan motion 
occurs after material has reached a helgiit h above the surfhoe (measured in units for which 
earth's radius - 1) and has Initial radial and tangeniial velocity components at this height 
of 6 and 1 - e, respectively (measured In units for which escape velocity ■ 1). Assuming h, 
6, e all <<1. one finds that subsequent periapse occurs abova earth's surfboe for.bound 
(negative total energy) trajectories provid^ h/2 i e i 2/3 Ir'^, |6| i (h - 9/4 e^)^' . It 
follows that very large oblique impacts (21(r km bodies) are high deslt^le sinoe they would 
lead to relatively large h with some of the material having low 6 and potentially aooeptable 
t, leading to orbital ixijectloa (il) Non-central gravity can have a somewhat similar effect: 
near the Impact site and time of Ixopuct, the actual gravitational field can have a markedly 
non-central character and a distance h ~ few projectile rauil must be exceeded before central 
Keplerlan motion occurs, hkmierioal results indicate comparable (but additive) .effects to 
pressure-gradient acceleration. (Ill) Consider a iiarrow, steady, 2^ viscous jet' emanating 
from the earth's surfboe. It Is possible to approximate the equation of motion in the form 
dJt/dt «■ g + ~ 1L)/D^ where y, Is velocity at some position in the Jet, g is the 
aooeleratlon due to eerth'b gravity (assumed central), u Is a numerical constant, V Is the 
viscosity Ir. the Jet (assumed turbulent; due to shear Instabilities), )/y Is velocity of the 
oentral streamline (1 a equidistant fhom the inner and outer edges of Jet) which can be 
shown to be approximately Keplerlan, and D(t) Is the Jot width. I find that material in the 
outer (lA flirther from &u-th center) pert of the Jet gains both enerfiy and angular momentum 
fYrxB viscous stresses and that orbital Injection is possible (and, less oommonly, escape) at 
the expense of dumping ewer half of the Jet back on the T 'lii. 

Soln-out a Superrotatl ng Atmosphere. Although "second burn" Is possible, the 
amount, of material emplaoed In cru/t tends to be small If the Impact velocity -esesape velo- 
edty. This difficulty is reduced If ver^ large impacts occur since they cause an eerth- 
encirdllng siperrotatlng atmc»phere (T ~ l(r K) of M^SlO-0 plus liquid which can bleed out 
thxxgh the new equatorial plane to form a disk. A similar model has been proposed for the 
formation of the Uhanlan satellites.’ The earth is then enveloped in a highly oblate and 
opaque silicate atmosphere which has a photospherlc temperature of ~2(X)0 K and a ocx>llng time 


-10^ yr. In this time, the disk evolve and emplace at the Roche limit sufficient material 
to form one or more proto-Mcnns.^ It is (xxxluded that orbital emplaoement of material is 
pomlble and that the prooess Is much more efficient for voy large Impacts than ftnail (radius 
^0^ km) Impacts. Major quantitative uncertainties remain. 

References 
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(2) Rlngwood. Ai (1979) 'T]rlgln ol the Ehrth and Mcxxi'' (Sprlnger-Verlag). (3) Hartmann, 
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